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Abstract 
Photo-oxidatative degradation in isotactic polypropylene (PP) has been examined 
in samples made by both injection and compression moulding and using different 
moulding conditions. Samples were exposed to ultraviolet (UV) radiation in the 
laboratory for periods up to 48 weeks. The specimens were tested in tension and the 
fracture surfaces were inspected by scanning electron microscopy. The extent of 
chemical degradation was assessed by gel permeation chromatography and Fourier 
transform infrared spectroscopy. The structural characterization of the as-moulded and 
UV-exposed materials was conducted by differential scanning calorimetry, X-ray 
diffraction, pole figure analysis, and polarized light microscopy. Filled grades of PP 
containing talc were also investigated. 
The mechanical properties of degraded PP were shown to be highly dependent on 
aspects like the extent and depth-profile of degradation, the character of the polymer 
physical structure, and the presence of filler and nucleating agent. Injection moulded bars 
containing weld lines were also investigated, and their mechanical properties were 
generally poorer than those for equivalent samples without weld regions. With most 
samples studied here a partial recovery in tensile properties was observed after 6-9 
weeks exposure. Analysis of the fracture surfaces indicated that in the specimens with 
better properties the surface cracks did not propagate into the undegraded interior. 
An increase in the polymer crystallinity was observed during exposure, caused by 
rearrangement of molecule segments released by oxidative scission in the non-crystalline 
region. This process, called chemi-crystallization, continues until a large number of 
chemical defects is present within the molecules, and it results in surface cracks formed 
spontaneously during exposure. In injection moulded samples the pattern of surface 
cracks featured circular arcs radiating from the injection gate and they were correlated 
with the flow lines generated during mould filling. The concentration of surface cracks in 
these samples varied with the location in the test bar, according to local variations in 
crystal orientation. 
The crystallization of photodegraded PP from the melt was investigated under 
isothermal and non-isothermal conditions. The kinetics of crystallization, degree of 
crystallinity, and morphology were shown to depend on the molecular weight and on the 
presence of chemical impurities within the molecules. The crystal y-phase was formed in 
specimens exposed for more than 18 weeks. 
Double peaks were normally observed in DSC heating experiments of unfilled 
polypropylene and were assigned to crystal re-organization during heating. The existence 
of different molecule species was detected by DSC and light microscopy, and might also 
have contributed to the melting behaviour. 
lll 
Main Abbreviations and Symbols 
20PP - injection moulded polypropylene produced with a mould temperature of 20°C 
40PP - injection moulded polypropylene produced with a mould temperature of 40°C 
60PP - injection moulded polypropylene produced with a mould temperature of 60°C 
ABS - Acrylonitrile-butadiene-styrene copolymer 
ATR - attenuated total reflectance 
CI - carbonyl index 
DSC - differential scanning calorimetry 
DTA - differential thermal analysis 
FTIR - Fourier transform infrared spectroscopy 
GPC - gel permeation chromatography 
HDPE - high density polyethylene 
HIPS - high impact polystyrene 
LDPE - low density polyethylene 
LLDPE - linear low density polyethylene 
NC - compression moulded polypropylene - cooled in a cold press 
NPP - polypropylene containing 0.5 wt% talc as a nucleating agent 
PE - polyethylene 
PEEK - poly(ether-ether-ketone) 
PET - poly(ethylene terephthalate) 
PP - polypropylene 
PS - polystyrene 
PVC - poly(vinyl chloride) 
SAN - styrene-acrylonitrile copolymer 
SC - compression moulded polypropylene, slow cooled in a hot press 
SCORIM - shear controlled orientation injection moulding 
SEM - scanning electron microscopy 
UHMWPE - ultra high molecular weight polyethylene 
UV - ultraviolet 
XRD - X-ray diffraction 
Alto - crystal orientation index 
Ate,., - area of the X-ray diffractogram under the amorphous background 
A, - area of the X-ray diffractogram under the crystalline peaks 
Aear - area of the infrared spectrogram under the carbonyl peak 
Aref - area of the infrared spectrogram under a reference peak 
B-index -hexagonal phase concentration index of polypropylene 
D- diffusion coefficient 
iv 
AHm - melting enthalpy 
AK,,, - melting enthalpy, first heating run 
OHS - melting enthalpy, second heating run 
AT - degree of supercooling 
G- spherulite growth rate 
I- intensity of the ultraviolet radiation 
1(0) - ultraviolet intensity at the entry face of the specimen 
Io - unimpeded ultraviolet intensity 
K- kinetic parameter of the Avrami equation 
1- crystal thickness 
µ- ultraviolet absorption coefficient 
Mn - number average molecular weight 
M, - weight average molecular weight 
n- Avrami exponent 
r- ultraviolet reflectivity 
S- number of chain scissions per molecule 
6e - surface free energy of the crystals 
6e p- tensile strength, exposed sample 
6tmexp - tensile strength, unexposed sample 
t- crystallization time 
t1/2 - half time of isothermal crystallization 
Tc - non-isothermal crystallization temperature 
TLso - isothermal crystallization temperature 
TM - equilibrium melting temperature 
(t112)-' - rate of isothermal crystallization 
Tm - melting temperature 
Tml - melting temperature, first heating run; main peak 
TmI' - melting temperature, first heating run; subsidiary peak 
Tm - melting temperature, second heating run, main peak 
Tom' - melting temperature, second heating run; subsidiary peak 
Xe - degree of crystallinity 
X, - relative crystallinity at a time t 
z- depth 
1. INTRODUCTION 
This thesis is concerned with the effects of photodegradation on the structure and 
mechanical properties of isotactic polypropylene. Under the action of ultraviolet 
radiation polymers normally undergo a series of oxidative chemical reactions that may 
lead to premature failure under service conditions. Among the reasons for poor 
performance of degraded polymers are the breakdown of entanglements and tie chain 
molecules, and the formation of surface cracks. The failure of a ductile material like 
polypropylene after relatively short term exposures may change to a fragile behaviour 
[Qayyum and White, 1993a]. The need to predict the lifetime of products when exposed 
outdoors has attracted much attention on the investigations of photo-oxidation under 
laboratory conditions [e. g., Schoolenberg, 1988a; Hulme and Mills, 1994]. 
The mechanism of photo degradation involves basically the absorption of ultraviolet 
radiation and subsequent oxidative reactions in autocatalytic processes. Besides the 
reduction in molecular sizes, a series of chemical changes occur within the molecules, 
like the formation of carbonyl and hydroperoxide groups. The extent of degradation 
might depend, in principle, on two aspects: (1) absorption of UV radiation and (2) 
diffusion of oxygen through the specimen. Some polymers, like polypropylene, do not 
absorb UV radiation in the range of wavelengths that reach the earth, hence the initiation 
of photo-oxidation occurs due to the existence of chromophores such as impurities and 
additives in the material [Carlsson and Wiles, 1976]. The diffusion of oxygen controls the 
kinetics of oxidation in thick specimens, and there is normally a depth-profile of 
degradation, with a degraded layer near the surface and a relatively undamaged region in 
the interior [Audouin et al., 1994; Gardette, 1995]. 
Following from the above, differences in the rate of degradation may arise 
according to the composition of the product and to its physical structure, the latter 
affecting the oxygen permeability. Although the influence of chromophores on the 
photo degradation of PP has been well established during the past two decades, there is 
some controversy on the effects of the initial structure on polymer degradation, as will be 
reviewed in chapter 2 together with the main aspects of polymer degradation. 
Besides the inherent degradability of the polymers, several factors that affect their 
properties have been recognized, including the depth-profile of degradation, the surface 
deterioration, and the crystal sizes [Nishimoto et al., 1991; White and Turnbull, 1994]. 
The relationships between the structure of the starting materials and their mechanical 
behaviour after degradation has been addressed but not many studies have been 
conducted concerning the photodegradation of polypropylene. 
In the case of injection moulded products there are often differences in the 
structure of the surface containing the injection gate in comparison with the surface 
opposite to it. Although this may have an effect on degradation behaviour, the exposure 
procedures reported in the literature did not take this into account. Id addition, variations 
in the structure along the length of an injection moulded product may also occur leading 
to different extents of degradation at different locations. Again, there is a lack of 
information in this respect. 
The chemical degradation is also known to change the structure of the material 
both during exposure and after re-crystallization. During exposure an increase in the 
degree of crystallinity sometimes occurs, a process called chemi-crystallization. This 
leads to contraction of surface layers which eventually causes surface cracks [Terselius et 
al., 1982]. Although chemi-crystallization was identified by a number of workers [e. g., 
Severini et al., 1988; Ballara and Verdu, 1989; Hamid and Amin, 1995], experimental 
evidence on its mechanisms is rather scarce. 
The crystallization of degraded PP from the melt might depend on the molecular 
sizes and on the chemical constitution of the molecules. Since both are substantially 
altered by oxidation, many differences to the unexposed material are expected. This 
theme has an inherent importance to the recycling of degraded materials but it has not 
been investigated yet in sufficient detail, and aspects like the morphology and the melting 
behaviour of degraded PP crystallized from the melt are not well understood. 
The aim of this thesis is to conduct an investigation on the photodegradation 
behaviour of isotactic polypropylene. Specimens with different initial structures, prepared 
by various conditions of injection and compression moulding, and also by using talc 
either as nucleating agent and as a filler, were exposed to ultraviolet radiation in the 
laboratory for periods up to 48 weeks. The extent of chemical degradation at several 
positions within the moulded bars was evaluated and their effects on the physical 
behaviour of the materials were studied. This work will emphasize two fronts of 
investigation regarding the degradation effects in polypropylene samples with different 
structures: (i) the mechanical properties and fractography, and (ii) the crystallization 
behaviour during exposure and after re-melting. 
The study of the mechanisms and kinetics of chemical photo degradation is not the 
main issue in this thesis. This is already well established [Vink, 1983; Allen, 1995]. 
Nevertheless the extent of degradation was evaluated here by following changes in 
molecular weight and carbonyl content. This information will be used to understand the 
physical behaviour of degraded PP. 
Isotactic polypropylene was the polymer chosen because it is among the most 
sensitive to degradation effects and because its crystallization behaviour is such that 
major variations in physical structure can be obtained by varying the moulding technique 
or the processing conditions. Moreover, PP products are encountering increasing use in 
outdoors applications. 
The work was organized as relatively self-contained studies, with a common 
"experimental" section detailed in chapter 3. Chapter 4 contains the most comprehensive 
investigations where the basic effects of photo degradation are discussed. - This was done 
with a material chosen as the standard for subsequent comparisons, which are presented 
in chapter 5 (on the effect of initial structure on degradation) and in chapter 7 (on the 
degradation of talc-filled PP). A study of the photo degradation of samples containing 
weld lines is described in chapter 6. Chapter 8 describes the isothermal crystallization 
behaviour of degraded polypropylene and some consequences relating to the spherulite 
morphology. Although most results and observations were discussed throughout 
chapters 4-8, a general discussion is included (chapter 9) in an attempt to draw attention 
to the main findings of this work and to establish more general interpretations that take 
account of the results of the several investigations. 
2. LITERATURE REVIEW 
This chapter reviews the literature concerning the degradation of polymeric 
materials in general and isotactic polypropylene in particular. A very short theoretical 
background will be presented on the types of degradation commonly occurring in 
polymers and on the photodegradation mechanism of polypropylene. Some more specific 
information will be given on the effects of polymer structure on degradation (section 2.3) 
as well as on the effects of degradation on polymer structure (section 2.4) which are 
more related to the research described in this thesis. Details from the literature covering 
other aspects of this thesis will be dealt with in the corresponding chapters. This includes 
brief description of polypropylene structure and morphology (chapter 5); effect of weld 
lines (chapter 6); degradation of polymer composites (chapter 7); and isothermal 
crystallization (chapter 8). 
2.1. DEGRADATION OF POLYMERS 
2.1.1. TYPES OF DEGRADATION 
The properties of most polymers change with time as a consequence of several 
chemical reactions that can take place, such as: 
" chain scission; 
" crosslinking; 
" formation of extra chemical groups due to oxidative reaction (sometimes causing a 
change in the product colour); 
" degradation or elimination of additives present in the polymer. 
These changes result from various types of physical and/or chemical attack that the 
product is subject to during its use or during processing which lead to polymer 
degradation and shorter lifetime. The types of degradation comprises mainly thermal, 
mechanical, photo, y-radiative, oxidative, acidic and hydrolytic degradation. Degradation 
usually occurs by means of more than one process and it is much more common to refer 
to, for instance, photooxidative and thermo-oxidative degradation or simply 
photooxidation and thermo-oxidation. During processing in the presence of oxygen, 
mechanical, thermal and oxidative degradation may take place while during natural 
exposure photooxidation, thereto-oxidation, hydrolysis, ozone degradation, etc. may 
occur. In this work the term photo degradation will be used in the same sense as 
photo oxidation since in all practical situations the oxidative processes are always present. 
The term 1t-eathering refers to the natural conditions of exposure which involves, besides 
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the UV radiation, rain, wind, dust, pollutants, ozone, etc. in daily and seasonal variations. 
Some consideration on the mechanisms of PP photo degradation will be outlined in 
section 2.2. 
The photo degradation of polymers occurs during the action of sunlight and 
depends on the wavelength of the UV radiation reaching the polymer. A great deal of 
attention has been given to the study of the effects of natural weathering on polymer 
properties [e. g., McTigue and Blumberg, 1967; Qayyum and White, 1986; Severini et al., 
1988; Qureshi et al., 1989; Sebaa et al., 1993; Hulme and Mills, 1994]. The need to 
obtain useful information in a short period of time led to the development of procedures 
to accelerate weathering in the laboratory. These involve basically a source of UV 
radiation, temperature control and sometimes, in addition, the presence of other 
environmental components like moisture and ozone. The procedures for accelerated 
weathering testing were reviewed by Davis and Sims [1983]. 
The correlation between natural and artificial photo degradation, however, 
generally is poor partly due to the difficulty in accelerating all of the degradation 
reactions proportionately and also due to the seasonal variation of UV intensity and 
other factors of natural exposure like wind, dust and pollutants that are difficult to 
reproduce in the laboratory. This topic was reviewed a number of times [Davis and Sims, 
1983; Kockott, 1989; Brown, 1991; Crewdson, 1991; White and Turnbull, 1994; 
Gijsman et al., 1994]. It is generally agreed that the degree of correlation with natural 
exposure is inversely related to the degree of acceleration obtained with the procedure. 
Nevertheless, the use of accelerated exposures may be valid when comparing different 
materials, like in the evaluation of stabilizer efficiency for a particular polymer. Computer 
simulation is another approach that can be valuable to analyze the influence of several 
aspects related to artificial and natural weathering [Hulme and Mills, 1994]. 
The lifetime of polymer products can be greatly increased through the use of 
stabilizers added during compounding or processing to protect mainly against thermal 
and/or photo degradation. Several reviews have been published recently covering the 
stabilization of polymers [Al-Malaika, 1988; Zaikov, 1992; Gugumus, 1993; Zaikov and 
Polishchuk, 1993; Gugumus, 1994]. A photo-stabilizer can act by one of the following 
mechanisms: UV screening, UV absorption, excited state deactivation, free radical 
scavenging or hvdroperoxide decomposition. Mixtures of stabilizers sometimes are 
applied to offer a better (multi-mechanism) protection [White and Turnbull, 1994]. 
Migration of stabilizers to the product surface and subsequent elimination is a common 
problem that can be overcome by high molecular weight stabilizers [Gupta et al., 1981; 
Gugumus, 1989] or by reacting with the polymer chain [Minagmw-a, 1989]. The 
description and discussion of stabilizers action is beyond the scope of this work. 
Several good reviews are available on the field of polymer degradation [e. g., 
Carlsson and Wiles. 1976; Shalaby, 1979. Slobodetskaya, 1980, Vink, 1983; Mukhei ee 
6 
et al., 1986; Popov and Zaikov, 1987a; Zaikov, 1992; White and Tumbull, 1994; 
Audouin et al., 1994; White and Rapoport, 1994; Rabek, 1995; Allen, 1995] 
2.1.2. METHODS TO INVESTIGATE POLYMER DEGRADATION 
The techniques to investigate polymer degradation include those methods to 
evaluate chemical changes and reduction in molecular weight and those that reflect 
changes in physical properties. A critical review was published recently by White and 
Turnbull [1994]. In principle, any property/parameter sensitive to the degradation effects 
can be used to investigate degradation and the proposed application for the product 
dictates the most important properties to be followed. In thick samples, because the 
deterioration is normally greater near the surface, the properties related to the surface are 
more sensitive to degradation changes than the properties associated with the bulk of the 
material [Trozzolo, 1972]. Some frequently used techniques will be cited below. 
The most common way to detect chemical changes is using Fourier Transform 
Infrared Spectroscopy (FTIR) [Hamid and Prichard, 1988; Raghavan and Torma, 1992]. 
The presence of extra chemical groups like carbonyl and hydroperoxides in the polymer 
molecule can be detected at a relatively early stage of degradation and quantitative 
measurements can be carried out also as a routine to evaluate the performance of 
stabilizers and other additives [Andreopoulos et al., 1990; Allen et al., 1994b]. The 
method can be employed either in transmission or in reflection (attenuated total 
reflection, or ATR), the latter being especially useful to estimate the depth profile of 
degradation in thin films [Blais et al., 1972]. FTIR techniques are applied without special 
sample preparation, but Lacoste et al. [1993] and Yang and Martin [1994] reacted the 
by-products of degradation to certain compounds (like NO and SF4) prior to analysis in 
order to improve the performance of the technique. These methods were reviewed 
recently by Scheirs et. al. [1995]. Specialized variations of FTIR include photoacoustic 
FTIR and micro-FTIR [Delprat and Gardette, 1993]; both can measure the depth-profile 
of degradation in thin samples. 
The reduction in molecular weight is considered to be one of the main criteria to 
evaluate degradation since molecular weight determines mechanical properties and hence 
lifetime. Among the methods available gel permeation chromatography (GPC) is 
preferr ed because the whole distribution of molecular weights is obtained (instead of a 
single parameter average), though there are some limitations in the determination of the 
low molecular weight end of the distribution [O'Donnell et al., 1994b]. Nguyen [1994] 
stressed that the mechanism of degradation can be elucidated by comparing the 
molecular weight distribution of a degraded polymer with modelled distributions based 
on proposed degradation schemes. Due to its simplicity and low cost, viscometry is also 
widely applied in degraded polymers [Mucha and Kryszewski. 1980. Allen et al., 1994a]. 
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A method particularly advantageous to study kinetics and mechanisms of 
degradation is electron spin resonance (ESR) which identifies and measures the 
concentration of free radicals generated during oxidative processes [O'Donnell and 
Whittaker, 1992; Geuskens and Nedelkos, 1993]. As the lifetime of free radicals is 
usually very short at room temperature and above, ESR is best applicable at low 
temperatures (e. g., -196°C). Using a high intensity UV source and ESR spectroscopy, 
Sommer et al. [1991] report that the weathering resistance of PVC coatings can be 
evaluated in times as short as 3 hours. Gas chromatography can identify volatiles and 
when used in conjunction with ESR valuable information on the mechanisms and 
pathway of chemical degradation can be obtained [Geuskens and Nedelkos, 1993]. 
Thermogravimetric analysis (TGA) is a simpler way to analyze the volatilization of the 
components that are eliminated during heating at certain temperatures. Besides the 
elimination of volatiles from a previous degradation, the polymer undergoes thermal 
degradation upon heating during a TGA experiment. The information thus obtained helps 
to predict the thermal stability during processing and to estimate the performance of 
stabilizers and other additives [Larena et al., 1992; Kenny et al., 1993]. When combining 
TGA with other techniques like infrared or mass spectroscopy the pathway of the 
oxidation may be revealed [Redfern, 1994]. The determination of oxygen consumption 
during oxidation is also important in kinetic studies and is done using manometric 
methods [Davis and Sims, 1983; Mucha, 1986b]. 
Mechanical testing methods are the most important to evaluate the effects of 
degradation on polymer performance, though they are particularly sensitive to aspects 
like crystal size, entanglement and tie chain concentration, surface cracks, etc. 
[Schoolenberg, 1988a; Torikai, 1994]. In other words, mechanical testing methods do 
not evaluate the chemical degradation but its physical consequences. The vast majority of 
workers in the field of polymer degradation use mechanical testing as a routine method 
[e. g., Czemy, 1972; Blais et al., 1972; La Mantia, 1984; Komitov, 1989; Qayyum and 
White, 1990; Verdu, 1994]. Tensile properties and impact strength are the most common 
properties investigated; the elongation at break is normally the most sensitive one to 
degradation [Kagiya et al., 1985; Komitov, 1989] whereas Young's modulus variations 
are normally negligible [Audouin et al., 1994; Verdu, 1994]. The specimens fractured 
during mechanical tests can be retained for examination by scanning electron microscopy 
(SEM) where the mechanisms of fracture can be deduced by identifying and measuring 
the starting point of the fracture, brittle/ductile behaviour, the thickness of the degraded 
laver, surface cracks, etc. [Blaga and Yamasaki, 1976; Gedde et al., 1981: Qayvum and 
White, 1987. Schoolenberg, 1988b; O'Donnell et al., 1994a]. 
Structure-related information can be obtained by techniques like X-ray diffraction 
(XRD), differential scanning calorimetry (DSC) and light and electron microscopy. Of 
these, DSC is probably the most used due to ease of operation, good sensitivity with 
small samples, and the ýtiide range of information it can produce: melting and glass 
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transition temperatures, degree of crystallinity, melting range, onset of thermal 
decomposition, crystallization temperature, etc. [Papet et al., 1987; Jonas and Legras, 
1991]. The shape of the thermograms, including the presence of double melting peaks, 
may provide valuable information for the deduction of the occurrence of more than one 
structure within the sample [Hikmet and Keller, 1987; Buggy and Carew, 1994]. Moore 
et al. [1989] drew attention to the fact that thermal methods like DSC and DTA used to 
assess thermal degradation at high temperatures are good as fast methods to evaluate the 
efficiency of stabilizers but the correlation with behaviour of the solid polymer at lower 
temperatures may not be direct. Since the sample heating during the DSC experiment can 
lead to structural changes, the application of other techniques like XRD in conjunction 
with DSC is recommended [Busfield and O'Donnell, 1979]. The use of density 
techniques to measure the amount of crystallinity is not a good alternative in oxidative 
degradation since the chemical reactions involve adding other atoms that may be heavier 
than the original atoms in the polymer molecules. In the oxidative degradation of 
polypropylene, for example, groups like carbonyl and hydroperoxides increase the 
sample density without necessarily increasing the crystallinity. Another way to measure 
crystallinity in degraded polymers is by infrared spectroscopy [Decker et al., 1973] but 
care must be taken in the choice of the bands that represent the crystalline and 
amorphous fractions which should not be affected by degradation [Luongo, 1963]. 
Some special methods have been developed to follow polymer degradation. 
Narisawa and Kuriyama [1994] used a micro-cutting technique to measure the resistance 
to cutting of the degraded layer. They stressed that the depth profile of degradation can 
be measured and the effect of stabilizer can be clearly shown. Gedde et al. [1981] used 
optical and electron microscopy to see the physical aspects of damage in thermally 
oxidized pipes. Optical density can be used since there is a loss in transparency due to the 
formation of several chemical groups [Bityurin et al., 1983]. The concentration of 
hydroperoxide groups can be measured mainly by colorimetric and infrared methods 
[Scheirs et al., 1995]. Other methods to investigate degradation effects are dynamic 
mechanical thermal analysis [Raab et al., 1982; Yoshii et al., 1987], melt flow index 
[Scheirs et al., 1991b; Raja et al., 1994], rheological behaviour [Spadaro et al., 1993; 
Ross, 1993] and chemi-luminescence [Yoshii et al., 1988; Albertsson et al., 1992]. 
Detection of crosslinking is commonly done by solvent extraction [Phillips and Kao, 
1986; Qu and Ranby, 1993]. 
2.1.3. FACTORS THAT AFFECT POLYMER PHOTODEGRADATION 
The essential components of the photooxidative degradation are ultraviolet 
radiation and oxygen. The rate of photooxidation depends fundamentally on the 
characteristics of the UV source (intensity and wavelength range) [Davis and Sims, 
1983] and on the polymer chemical structure [Shalabv-, 1979; Vink, 1983]. The 
9 
absorption of UV radiation by the polymer molecules leads to bond scission if the photon 
has sufficient energy to break a covalent bond. Each polymer, according to its chemical 
structure, has a particular absorbance characteristic, which means that a preferable range 
of wavelengths is absorbed. If, within this range, the radiation has enough energy to 
break any bond in the polymer molecule then photo degradation reactions can be initiated. 
Sometimes, however, the initiation occurs not due to absorption of UV by the polymer 
but due to the presence of chromophores within the polymer such as residues of 
catalysts, hydroperoxides and other groups generated during processing or thermal 
treatment, pigments and other additives, etc. This is the case with isotactic 
polypropylene, and will be discussed in the next section. 
Other external factors that influence the rate of photo degradation are temperature 
[Bigger and Elatycki, 1988; O'Donnell and White, 1994b], moisture [Blaga and 
Yamasaki, 1973; Allen et al., 1991], oxygen pressure [Billingham et al., 1976; Bigger 
and Elatycki, 1988], pollutants [Ranby and Rabek, 1983], stress applied during exposure 
[Czemy, 1972; White and Rapoport, 1994] and the presence of stabilizers [Al-Malaika, 
1988; Gugumus, 1993] and other additives [Jiangquing et aL, 1991; Rysavy and 
Tkadleckova, 1992]. Besides the polymer chemical structure, the physical structure 
(degree of crystallinity, morphology and orientation) also affects the rate of degradation. 
This will be reviewed in section 2.3. 
2.2. PHOTODEGRADATION OF POLYPROPYLENE 
2.2.1. MECHANISMS 
The chemistry of polypropylene photo degradation has been analyzed extensively 
[e. g., Carlsson and Wiles, 1976; Slobodetskaya, 1980; Vink, 1983; Billingham and 
Calvert, 1983; Rabek, 1995]. The main mechanism is by an autocatalytic free radical 
chain reaction with most characteristics similar to the thermal degradation. The basic 
reactions of photo degradation are summarised in Fig. 2.1. 
The reaction site of PP is usually the tertiary carbon, from which the hydrogen is 
easily dissociated. As stated earlier, before the initiation step takes place it is necessary 
both (i) that the UV radiation is absorbed by the polymer molecules, and (ii) the energy 
of the absorbed photons is sufficiently high to break the chemical bonds. These 
conditions are not achieved with PP because this polymer does not absorb enough energy 
at higher wavelengths then 180 nm, that is, well below the shortest wavelength of 
sunlight reaching the earth [Shalaby, 1979]. As PP shows significant deterioration caused 
by photodegradation, the initiation step was considered to be a result of the presence of 
chemical impurities within the material. This is called secondary photochemical initiation 
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[Trozzolo, 1972]. Carlsson and Wiles [1976] reviewed the possible sources of initiation 
in polyolefins and suggested the following order of importance: 
1. Hydroperoxides and peroxides formed during processing; 
2. Residues of polymerization catalysts like Ti and Al products; 
3. Polynuclear aromatic compounds present as atmospheric pollutants; 
4. Macrocarbonyl groups, also formed during processing; 
5. PP-02 charge transfer complexes; 
6. Active oxygen species, originated from ozone; 
7. Other impurities like pigments, fillers and metal particles have variable influence. 
Initiation RH hv a- R' [1] 
Propagation R" + 02 ROO " [2] 
[3 J ROO "+ R'H = ROOH + R' o 
Branching ROOH hv m-, RO "+" OH [4] 
2ROOH - ROO "+ RO "+ H2O [5] 
RO "+ RH = ROH + R" [6] 
HO "+ RH 11 R" + H2O [7] 
Termination R" + R" 10 1 [8] 
ROO -+ R" 
ROO *+ ROO "0 
inert products [9] 
[10] ý 
Fig. 2.1. General mechanism of photodegradation. 
Carlsson and Wiles highlighted the great importance of hydroperoxides, that are 
generated by all other initiation sources mentioned above and, therefore, play a dominant 
role on the whole degradative process. Besides, hydroperoxides generated during the 
termination step do not represent the end of reaction since they are very sensitive to UV 
and may start the chain reaction (reaction 4) again. La Mantia [1986] reported that the 
higher the thermo-oxidation during PP processing, the faster is the subsequent 
photodegradation, as a result of the number of hydroperoxides within the sample. A 
similar trend was reported by Yoshii et al. [1995] on y-irradiation followed by UV 
exposures. 
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Propagation reaction 3 and chain branching reactions 6 and 7 can also occur 
intramolecularly, giving rows of adjacent tertiary hydroperoxides groups. This is more 
likely to occur in the initial stages of photooxidation [Carlsson and Wiles, 1976]. 
Carbonyl groups are obtained by 0-scission of alkoxy radicals (reactions 11 and 12 
in Fig. 2.2). Reaction 12 is more common than 11 and also leads to chain scission. Other 
reactions of peroxy radicals (not shown) generate alcohol and peroxides. The carbonyl 
compounds undergo chain scission through the so called Norrish I (reaction 13) and II 
(reaction 14) processes. Norrish I reaction is considered to have low efficiency since the 
macroradicals obtained have low mobility and can recombine within the cage before 
propagation takes place. If the reaction proceeds, products like aldehyde, carboxylic 
acid, ester and carbon monoxide are formed. 
CH3 
1 60-70% 
CH2 -C- CH2 ^^^, 
0" 
-CH2-C-CH2 
0 
CHF CHF 
-CH- CH2 -C=O 
-CH2 - C-CH2 A^^ 
0 
CH2-C,. 
CH3 
0 
hv lo- -CH2 -C" 
0 
+" CHZ AAN 
hv 
0- -CH=CH2 + 
+ CHF " [11] 
+" CH2 ^ý [ 12] 
[13] 
CH3 
CH3-C=0 [14] 
Fig. 2.2. Carbonyl formation (reactions 11-12) and Norrish reactions (reactions 13-14) 
The reduction of molecular weight, together with the formation of several different 
chemical groups in the polymer molecules are responsible for the huge effect of 
photo degradation on the mechanical and physical properties of polypropylene. The main 
fimctional groups present in PP after UV degradation are: vinyl alkene, ester, acid, 
ketone and aldehyde [Vink, 1983; Yang and Martin, 1994]. This may change 
substantially the chemical nature of the material. 
Although much less common than in polyethylene, there is also the possibility of 
crosslinking during the photo degradation of polypropylene. This would occur, for 
example, by the reaction of two alkoxy macroradicals but under special conditions such 
as high peroxide levels [Martakis et al., 1994]. 
It is useful to mention the relative importance of hydroperoxides and carbonyl 
groups in the initiation step. Hyd. roperoxides are weak UV absorbers but decompose to 
nearly 100% radicals whereas carbonyl groups are strong UV absorbers but the radicals 
recombine almost totally within the cage [Chakraborty and Scott, 1977; Billingham and 
Calvert, 1983]. Therefore, carbonyl groups are less likely to promote photodegradation 
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and, since they are always attached to the polymer chain, are frequently used to quantify 
the extent of degradation [Slobodetskaya, 1980; La Mantia, 1986]. 
The mechanisms of photo- thermo-oxidation of PP are basically similar, the main 
differences being the initiation step [Allen, 1995] and the lifetime of free radicals that is 
shorter in thermo-oxidation [Agnelli and Chinelatto, 1992]. Moreover, in 
photo degradation the reaction is very fast at the surface of the sample, where there is a 
higher intensity of UV radiation and higher availability of oxygen. Accordingly, in thick 
samples there is a depth-profile of degradation, with the accumulation of degradation 
products at the surface while the core remains relatively undamaged. Studying the 
thermal oxidation of polypropylene, Knight et al. [1985] demonstrated that the oxidation 
occurs preferentially around catalyst residues rather than next to oxidation products from 
previous degradation processes. Rapoport et al. [1993] used a computer simulation 
approach to show that the deactivation of catalytic impurities is an effective way to 
increase the lifetime of solid polymers under thermo-oxidation. Livanov and Zaikov 
[1992], on the other hand, pointed out that the durability of PP films during oxidation 
under load depends on the concentration of defect zones (like metal residue), rather than 
their nature. 
The depth-profile of photodegradation in PP was studied by a number of authors 
[e. g., Blais et al., 1972; Delprat and Gardette, 1993; O'Donnell and White, 1994a; 
Lacoste et al., 1995]. They observed that the photo degradation is controlled by oxygen 
diffusion in thick samples. The extent of degradation, therefore, is higher in the surface 
layers than in the centre of the moulding as shown schematically in Fig. 2.3. From the 
stabilization point of view, this kind of profile is considered to be positive, since the UV 
stabilizers are rejected by the growing crystals and can migrate to the surface of the 
material. On the other hand, unreacted oxygen can diffuse into the interior of a thick 
sample (especially during dark periods) and provoke degradation in the less protected 
interior with an increase in the thickness of the degraded layer [Kiryushkin and 
Shlyapnikov, 1989]. Even then, there will be a clear difference in the degradation effects 
between the skin and core. Wiles [1973] used ATR to show that PP films (22 p. m thick) 
displayed much higher oxidation at the surface (up to 4 µm depth) than in the interior 
and this leads to a great deterioration in mechanical properties before the bulk of the film 
is oxidized. He considered that this is not an effect of low oxygen diffusion but due to 
the presence of photosentizing impurities from the processing. Vink [1979] recognised 
that the photodegradation of PP is higher at the surface but not restricted to there, and 
the rate of oxygen absorption increased with sample thickness, indicating that the process 
was diffusion-controlled. His samples were rich in polynuclear aromatic compounds (that 
are initiators for the photodegradation), evenly distributed over the polymer. The 
knowledge of the depth-dependence of photo degradation is of crucial importance to 
understand the mechanical properties and the 
failure mechanisms of polymers [Blaga and 
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Yamasaki, 1976; Schoolenberg, 1988b; Schoolenberg and Meijer, 1991; De Bruijn, 
1991; Qayyum and White, 1987,1993b; O'Donnell et al., 1994a]. 
ý1 ------ ------ ------- ------ - ------- 
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Fig. 2.3. Schematic representation of oxygen concentration (c) in a sample with thickness 
L. according to Audouin et al. [1994]. (a) is a non-diffusion-controlled process and (b-d) 
is diffusion-controlled with increasing time. 
2.2.2. MECHANICAL PROPERTIES 
Isotactic polypropylene is one of the most used plastics and finds increasing 
outdoors applications. The weathering resistance of this material, however, is very poor 
with a very short lifetime when not properly stabilized. The drop in mechanical 
properties is very sharp, especially the maximum elongation, which goes from several 
hundred per cent to a few tens per cent in short time exposures [Qayyum and White, 
1989]. It is believed that the semicrystalline structure of PP determines this behaviour. 
Tie molecules and entanglements play a crucial part on the deformation behaviour of 
polypropylene [Wunderlich, 1976b]. During crystallization, chromophores are rejected 
by the growing crystals to the spherulite boundaries, causing a higher rate of degradation 
at these sites [Pabiot and Verdu, 1981; Kagiya et al., 1985] and, therefore, a faster 
deterioration in mechanical properties. Some studies developed in this area will be 
reviewed below. 
McTigue and Blumberg [1967] studied the several aspects that affect PP natural 
and artificial photo degradation, including the presence of stabilizers, orientation and 
degree of crystallinity. They used the loss of 50% tensile strength as a parameter to 
characterize the material lifetime. They highlighted the importance of UV stabilizers and 
the poor correlation between natural and accelerated exposures but did not discuss the 
mechanisms of PP mechanical deterioration. This was treated by Pabiot and Verdu 
[1981] who considered that the drop in mechanical properties is a result of localized 
chain breaking. like around the spherulites boundaries where there is a high 
concentration of chromophores. They reported that Young's modulus did not change 
with exposure, a fact that was later contradicted by Raab et al. [1982]. Raab et al. 
reported an increase in modulus and explained this was due to crosslinking or chemi- 
crystallization although they did not support their arguments with experiments. 
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Severini et al. [1988] observed a fairly close correlation between extent of 
chemical degradation (evaluated by molecular weight and carbonyl absorbance) and loss 
in tensile strength of films during environmental degradation, which was not verified by 
other workers [Pabiot and Verdu, 1981; La Mantia, 1984; Schoolenberg, 1988a]. 
Carlsson and Wiles [1976] stressed that the common lack of correlation between bulk 
oxidation and mechanical properties is because the degradation is concentrated in surface 
layers. Cracks formed there propagate easily into the less degraded interior of a notch- 
sensitive polymer like polypropylene. When the evaluation of chemical degradation is 
carried out on the surface only (instead of the whole sample) the correlation should be 
much better. 
So and Broutman [1982; 1986] conducted fracture analyses on ductile materials 
coated with a thin layer of a brittle polymer. Their intention was to simulate the 
embrittlement of the surface due to, for instance, UV degradation. Acrylonitrile- 
butadiene-styrene (ABS) and high impact polystyrene (HIPS) were coated with 
polystyrene and styrene-acrylonitrile (SAN). Their results showed that the toughening 
mechanisms of ABS and HUPS are highly restricted by multiple (high speed) cracks 
formed at the surface. A critical coating thickness caused the most detrimental effect, in 
which a single surface crack can propagate into the ductile material in an unstable 
manner. The detrimental effect of a brittle surface layer in thermally degraded ABS was 
also highlighted by Wolkowicz and Gaggar [1981] who noted that the impact strength 
increased after removing the degraded layer. 
The comparison between samples containing a degraded surface layer with non- 
degraded specimens with an equivalent notch was made by Schoolenberg [1988b] and 
Schoolenberg and Meijer [1991]. They used a fracture mechanics approach to 
understand the effects of surface cracks generated during the artificial UV exposure and 
suggest that the mechanical properties of photodegraded PP go through three stages (see 
schematic representation in Fig. 2.4): (I) for short times degradation does not affect 
properties because there is no crack generation; (II) after intermediate times the fracture 
energy decreases drastically and there is a "crack speed effect''; (III) for longer 
exposures a recovery in ductility may occur caused by multiple cracking of the degraded 
layer that leads to mutual unloading and a "crack arrest effect". In (II) the fracture 
surface is smooth while in (III) a fibrillar structure is seen below the degraded layer 
[Schoolenberg and Meijer, 1991], as also noticed by O'Donnell et al. [1994a]. SEM 
analysis of the moulded surface revealed a ductile interior underneath a fragile, cracked 
skin [O'Donnell and White, 1994a]. The fracture mechanics of polymers with a degraded 
layer has been included in a recent review by Audouin et al. [1994]. 
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Fig. 2.4. Model for the three stages of failure behaviour, as proposed by Schoolenberg 
and Meijer [1991]. Stages I, II and III are related to fracture paths i, ii and iii, 
respectively. Ha is moderate brittle behaviour and Hb represents a very brittle behaviour. 
The failure mechanisms of polypropylene and other polymers submitted to natural 
photo degradation was also investigated by White and co-authors [Qayyum and White, 
1986,1987,1993b, 1993a; O'Donnell et al., 1994a; O'Donnell and White, 1994a]. The 
typical fibrillar pattern of the fracture surface obtained with unexposed PP was highly 
reduced after two years exposure in Jeddah and this was connected to the loss in 
elongation [Qayyum and White, 1986]. Qayyum and White [1985] observed that a 
reversal of the sense of residual stresses may occur during natural exposure (to become 
tensile on the surface) and this can favour the generation and propagation of cracks 
[Qayyum and White, 1987]. From SEM analysis of fractured surfaces they noticed that 
the fracture is frequently initiated at the surface opposite to the sun. This was suggested 
to be due to the poor transmission of stress in a very degraded layer that detaches and is 
no longer effective to propagate cracks into the exposed side and therefore the fracture 
starts at the (less degraded) back surface [Qayyum and White, 1993b; O'Donnell et al., 
1994a]. This loss of ability to generate a critical crack in the exposed side was also the 
explanation for the recovery in mechanical properties at intermediate exposure times. 
The recovery in mechanical properties of PP was observed by other researchers 
[Busfield and O'Donnell, 1979; Horrocks and D'Souza, 1990; Katbab and Moushirabadi, 
1991; Verdu, 1994]. Horrocks and D'Souza [1990] argued that the recovery is due to 
the increase of crystallinity that was observed during their thermodegradation. Verdu 
[1994] proposed an alternative explanation in which there is an equivalence between the 
tensile strength of degraded polymers and the stress-strain curve of the virgin material 
(Fig. 2.5). According to him, the elongation is the most important parameter for 
characterizing degradation from tensile testing. The work presented by Sherman et al. 
[1982] on the artificial photodegradation of polycarbonate was able to illuminate the 
reasons for the recovery in mechanical properties. They used scanning electron 
microscopy to show that the mechanical properties could be correlated with the features 
at the exposed surface after tensile testing. Injection moulded samples exposed to a UV 
source for 582 hours displayed diamond-shaped cracks that grew perpendicularly to the 
drawing direction and caused a great reduction in elongation. For longer exposures 
(1065 h) a thin surface layer in the form of flakes became detached, showing the 
underlying, ductile material. This caused a rise in elongation because cracks formed in 
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this fragile layer did not propagate into the undamaged core. For very long exposures 
(2500 h) a ductile tearin g below the flaked surface is seen, which yields some ductility 
but the elongation is reduced again. These observations are in agreement with those by 
White and co-authors [Qayyum and White, 1989; O'Donnell et al., 1994a]. 
stress maximum stress 
strain time 
Fig. 2.5. Equivalence between tensile strength of a degraded polymer and stress-strain 
curve before exposure according to Verdu [1994]. The right-hand curve shows that there 
is a recovery in ultimate stress. The minimum value is associated with the yield stress of 
the unexposed material (left-hand curve). With further exposure the sample fractures 
without reaching displaying yield, at higher stress. 
Several theories have been advanced to explain the formation of cracks in 
degraded polymers. Zhurkov et al. [1972] measured the concentration of 
submicrocracks, macroradicals and scissioned bonds generated during loading and found 
that the concentration of submicrocracks was very similar to the concentration of 
radicals whereas the concentration of broken bonds was three orders of magnitude 
higher. They suggested that the submicrocracks form as a result of the macromolecular 
decomposition by a chain reaction, as explained in Fig. 2.6. Although the proposed 
situation was under the application of stress only, the same may happen during a 
photooxidative process. Blaga and Yamasaki [1976] on the other hand, explained that 
the generation of cracks in a polycarbonate sheet is due to variations in temperature and 
humidity during ultraviolet radiation exposure. The thermal cycles act as a fatigue 
loading and the UV irradiation reduces the fatigue life at the surface layers, and cracks 
nucleate then. This explanation was supported by an experiment where no cracks were 
formed when the sheet was exposed to a fixed temperature. 
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Fig. 2.6. Mechanism of submicrocrack generation according to Zhurkov et al. [1972]: (a) 
primary generation of free radicals by chain scission; (b) interaction of end radicals with 
other chains resulting in internal free radicals; (c) scission of internal free radicals; (d) 
formation of a submicrocrack. 
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Another explanation for crack generation that may occur with crystallizing 
polymers is an increase in crystallinity at the surface layer which causes shrinkage and 
develops a biaxial tensile stress that may nucleate cracks [Terselius et al., 1982]. As will 
be discussed further in this work (e. g., section 4.3.4.1) the increase in crystallinity occurs 
by chain scission processes that release entanglements, freeing molecule segments to 
crystallize during exposure. In injection moulded samples the cracks have been reported 
to be perpendicular [Schoolenberg and Vink, 1991] and parallel [Hulme and Mills, 1994] 
to the flow direction. Hulme and Mills [1994] explained that the cracks developed in the 
weakest direction of the specimen' which is parallel to the flow. Furthermore, they 
observed that in naturally exposed samples the cracks did not appear. They suggested 
that this was due to the similarity in shrinkage between the skin and the core since the 
depth profile of degradation was fairly uniform. The presence of cracks during exposure 
may lead to a deeper degradation because they facilitate the diffusion of oxygen and 
transmission of UV radiation, as pointed out by Schoolenberg and Vink [ 1991]. 
2.3. EFFECTS OF POLYMER STRUCTURE ON DEGRADATION 
As mentioned above, the degradation of polymeric materials can be affected by 
internal structure-related factors like degree of crystallinity, orientation and morphology. 
This has been the theme of investigation by several authors. Although much research has 
been conducted there are conflicting results, and opinions differ regarding the importance 
of the crystalline content and the relative rate of oxidation in amorphous and crystalline 
regions. The structural aspects affecting polyolefin photodegradation was reviewed by 
Vink [1983]. 
2.3.1. EFFECT OF CRYSTALLINITY AND SPHERULITE SIZE 
Since the oxidation of polymers depends on the presence of oxygen, and its 
diffusion is normally much higher in the amorphous than in the crystalline phase, it is, in 
principle, expected that the rate of chemical degradation will decrease with increasing 
crystalline content. The survey presented below will show that many researchers found 
the opposite trend which draws attention to other aspects involved, like the nature and 
concentration of initiation centres (like hydroperoxides, carbonyls, catalyst residues, 
etc. ). In most cases it was observed that the spherulite size, which determines the tie 
chains concentration, is the main parameter correlating with deterioration in mechanical 
properties. This also highlights the importance of interpreting the techniques commonly 
used to assess degradation. When comparing the effects of degradation in a sample with 
'their samples were helmets produced by injection moulding HDPE containing a red 
pigment, and exposed to artificial photodegradation. 
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lower crystallinity and smaller spherulite size with another having a higher crystallinity 
and larger spherulites, for example, the former may display better results in terms of 
mechanical properties even though it may have suffered more extensive chemical 
degradation. 
In 1967, McTigue and Blumberg showed that the lifetime (estimated by loss of 
50% in tensile strength) of PP films submitted to artificial weathering is highly dependent 
on the quench temperature after compression moulding. Fast cooling produced low 
density, small crystallite size and long lifetime samples. In the same publication they 
noted that they did not find a correlation between the initial crystallinity and chemical 
degradation in naturally exposed samples. They argued that the differences in crystalline 
structure were overwhelmed by the rapidity of degradation. It is worth mentioning, 
however, that in the artificial weathering study they did not measure chemical 
degradation and in the natural weathering study they did not measure lifetime. 
The effect of amorphous fraction on the gamma-radiation degradation of PP was 
evaluated by Kagiya et al. [1985]. They blended PP homopolymer with a copolymer to 
obtain a range of crystallinities and found that the oxidation yield increased with 
amorphous fraction but the drop in elongation at break was higher for the more 
crystalline samples. The apparent conflict was resolved by interpreting the results as 
indicating that oxidation does most damage at the amorphous/crystalline boundaries, 
which was confirmed later by O'Donnell and Whittaker [1992] using ESR and gas 
chromatography. Similar results on the effect of the amorphous fraction were obtained 
by Nishimoto et al. for compression moulded PP prepared using different cooling 
conditions [1986] and temperatures [1991]. They hypothesised that samples with small 
crystallite sizes are more resistant to degradation effects due to the increased number of 
chains in interlamellar and interspherulitic regions, as shown in Fig. 2.7. It has been 
argued that the more tie molecules present initially, the more will remain intact to 
preserve the coherence of the specimens after oxidation [Schoolenberg and Vink, 1991]. 
The spherulite size, therefore, is a very important structural parameter relating to the 
degradation of mechanical properties, since the tie chain concentration increases with 
decreasing spherulite size. Moreover, if the specimens are remoulded after degradation 
there is expected to be a redistribution of chain ends with new tie chains being formed 
and, consequently, some recovery in mechanical properties [Hawkins, 1972; Jabarin and 
Lofgren, 1994]. Blais et al. [1972] used transmission electron microscopy to show that 
the periphery of spherulites is a preferential site for photooxidation of PP films. This is 
not really a surprise, since the chromophores are rejected by the growing crystals and are 
concentrated at the spherulite boundaries [Knight et al., 1985; Scheirs et al., 1991b]. 
Knight et al. [1985], however, found no evidence of enhanced thereto-oxidation on 
spherulites boundaries but identified a strong correlation between the rate of degradation 
and the catalyst residues. 
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(a) (b) 
Fig. 2.7. Schematic model for slow cooled (a) and rapidly cooled (b) PP samples, 
according to Nishimoto et al. [1986]. 
The spherulite size and the fraction of interspherulitic amorphous phase were also 
found to play a dominant part on PP thermo-oxidation [Mucha, 1986a; Mucha, 1986b]. 
The degradation was predicted to be faster in the interspherulitic than in the 
intraspherulitic amorphous fraction, as a result of a higher permeability to oxygen. Based 
on that, Mucha [1986b] explained the higher thermal stability of samples with larger 
spherulites. No change in morphology due to thermal degradation was detected [Mucha 
and Kryszewski, 1980]. Busfield and O'Donnell [1979] suggested that the tie molecules 
are more likely to suffer chain scission due to y-radiation than either molecules in the 
crystalline phase or non-tie molecules in the amorphous region. In the photo degradation 
of several types of polyethylene, Torikai [1990a; 1990b; 1994] considered the 
concentration of tie molecules as an important structural feature of the polymer that 
defines the stability in terms of mechanical properties. According to his results, LLDPE 
displayed more degradation than HDPE but the latter showed a greater decrease in 
maximum elongation, which confirmed the trend obtained by Kagiya [1985] and 
Nishimoto et al. [1986; 1991] outlined above. 
Other studies [Winslow et al., 1963a; Komitov et al., 1989; Torikai, 1994; 
Martakis et al., 1994] indicated that the degradation is lower for more crystalline samples 
whereas studies reported by Yoshii et al. [1987; 1988], Kadir et al. [1989] and Dogue et 
al. [1994] indicated the opposite. This may be partly because in some cases the only 
criterion to assess degradation is the loss in mechanical properties [Yoshii et al., 1987; 
Yoshii et al., 1988]. 
An increase in thermo-oxidation rate with crystallinity was observed by Billingham 
et al. [1976] in p oly(4-methylpentene-1) (P4MP 1) that has a fairly similar chemical 
structure of PP but in which the molecular packing within the crystals is not very close 
(the crystal density is approximately equal to the amorphous density and is even lower 
than the amorphous density at some temperatures). The permeability of oxygen was 20 
times higher in P4MP 1 than in isotactic PP. Billingham et al. [1976] observed that the 
degradation was faster in the crystallites and suggested that this could be due to the 
rejection of antioxidants by the crystals. 
Dogue et al. [1994] followed the production of peroxy-radicals in two y-irradiated 
PP films. The film with higher crystallinity (monoclinic structure) produced more radicals 
than the lower crystallinity one (smectic structure). They explained that the radicals were 
trapped in an "immobile phase". 
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2.3.2. EFFECT OF TACTICITY 
Kato et al. [1969] found no effects of crystallinity variations on the rate of 
photo degradation of PP films but observed that a highly isotactic sample displayed more 
degradation than a low isotactic one. This was considered to be a consequence of higher 
mobility of the atactic molecules where chain termination was more likely. Vink [1983] 
explained that this may be a result of intramolecular peroxy radical propagation steps, 
which are more likely to occur in a polymer with greater stereoregularity. The reduction 
of the intrinsic viscosity during y-radiation degradation of isotactic PP was found to be 
more than for the atactic one [Keyser et al., 1963]. An opposite trend was obtained later 
by Decker et aL [1973] with y-radiation degradation and Knight et al. [1985] with 
thermal degradation studies in which isotactic PP oxidized more slowly than the atactic 
one. 
2.3.3. EFFECT OF ORIENTATION 
Most data obtained in the literature indicate that the orientation of polymer 
molecules improves the resistance to oxidation. This was observed in natural weathering 
[McTigue and Blumberg, 1967], artificial photodegradation [Komitov, 1989; 
Baumhardt-Neto and De Paoli, 1993a], thermal degradation [Popov and Zaikov, 1987b] 
and y-radiation degradation [Akay et al., 1980]. The main explanations for that are a 
lower diffusion rate of oxygen in oriented specimens [White and Turnbull, 1994] and 
reduced segmental mobility of the amorphous phase chains [Vink, 1983]. Other studies 
demonstrated that the degradation can be higher or lower, depending on the amount of 
orientation applied to the sample [Vink, 1983; Nguyen and Rogers, 1985]. At low 
orientation the lower permeability to oxygen is the dominant factor and the degradation 
rate is reduced. At high orientation the structure may be disrupted due to stretching that 
generates voids, which increases the permeability. Akay et al. [1980] attributed the 
increase in y-radiation degradation of PVC that occurs when orientation is increased to 
the higher solubility to oxygen. Slobodetskaya [1980] argued that the yield of radicals 
from carbonyl compounds increases in oriented samples and that the orientation of PP 
can increase or decrease the rate of photodegradation depending on the intensity and 
spectral composition of the UV source, while the thermal oxidation of PP is always 
reduced with orientation. A correlation between the photo degradation of PE and the 
stages of orientation was proposed by Benachour and Rogers [1981]. They found that 
the highest increase in oxidation occurred for 120-300% strain (applied prior to 
exposure) which coincides with the most drastic morphological changes resulting in a 
disrupted structure with stressed chemical bonds. Garton et al. [1978] found no effect of 
orientation on the photodegradation rate of PP films and filaments. A more detailed 
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analysis of the effects of orientation on polymer oxidation was given by Shibryaeva et al. 
[ 1992], taking into account the reactivity of the molecule in the oriented state. 
2.3.4. EFFECT OF NUCLEATING AGENTS 
Although nucleating agents are widely used by the industry to improve properties 
and reduce processing times, very few investigations were carried out in order to 
establish correlation with the degradation stability of the nucleator-added polymers. 
Kadir et al. [1989; 1992] added 0. lwt% of t-butylbenzoic aluminium to PP and 
submitted to y-radiation. Their results showed that the polymer containing the nucleating 
agents presented lower stability to degradation as evaluated by chemiluminescence and 
NMR. They argued that "the radiation stability is affected by spherulite size before 
irradiation rather than by molecular scission during irradiation" [Kadir et al., 1989]. This 
is because in PP containing nucleator the radicals formed near the crystal surface can 
move more rapidly to the crystal boundary and into the amorphous region. As the 
lifetime of radicals produced under gamma radiation is long, the effect is seen also during 
storage [Kadir et al., 1992]. In a subsequent study they exposed y -irradiated specimens 
to natural weathering and noted that those containing nucleating agents showed less 
chemical degradation [Yoshii et al., 1995], a fact attributed to the fast recombination of 
radicals at the crystal surfaces. The higher crystallinity of PP containing nucleator was 
considered to be a reason for its lower mechanical stability [Aziz et al., 1990; Kadir et 
al., 1992]. A decrease in the mechanical properties of y-irradiated PP after the addition of 
benzoic acid was also reported by Dongyuan et al. [1990]. Sterzynski and Thomas 
[1995] found very little effect of p-methylbenzylidene sorbitol on the extent of y- 
degradation and impact behaviour of propylene copolymers. No clear effect of benzoic 
aluminium was found on the mechanical properties of polypropylene irradiated with fast 
electrons [Manaf et al., 1995]. 
2.4. EFFECTS OF DEGRADATION ON POLYMER STRUCTURE 
Besides affecting the polymer properties and chemical structure, the degradation 
may have some influence on polymer morphology and crystallinity content. The reports 
on the changes in crystallinity are more abundant than those on morphology. Either an 
increase in crystallinity or a destruction of crystal species may take place, depending on 
the source and intensity of degradation. The effects of degradation on the structure of 
the recrystallized material are also surveyed in this section. 
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2.4.1. EFFECTS ON MORPHOLOGY 
In order to study the effect of ionizing radiation on polyethylene crosslinking, Patel 
and Keller [1975] prepared single crystals and exposed them to ozone. They expected 
that chemical attack would occur at the fold surfaces with the formation of 
hydroperoxide groups and that this would lead to molecular fragments with molecular 
weight equivalent to the crystal thickness (see Fig. 2.8). These crystals were further y- 
irradiated to create crosslinks. They observed that the dose necessary to obtain gelation 
decreased with the increase in core thickness and deduced that crosslinks occurred at the 
chain ends. The effects of y-radiation on the polyethylene crystal lattice was also studied 
by Keller and co-workers [Ungar and Keller, 1980; Vaughan et al., 1985]. X-ray 
diffraction revealed a crystal transition from orthorhombic to hexagonal after high 
radiation doses. DSC thermograms contained a double peak indicating that both phases 
were present. They also observed that the hexagonal phase is destroyed by further 
radiation [Ungar and Keller, 1980]. 
(a) 
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Fig. 2.8. The stages of PE single crystals degradation as proposed by Patel and Keller 
[1975]. (a) undegraded; (b) partially degraded; (c) fully degraded. The dots represent 
COOH groups. 
Terselius et al. [1982] studied the effects of thermal oxidation on the morphology 
of HDPE pipes. The spherulitic morphology throughout the thickness of the unexposed 
pipes changed into a non-spherulitic structure at the exposed surface, followed by 
imperfect spherulites in an intermediate position and finally unaltered spherulites in the 
core. The destruction of morphology at the surface caused by thermal degradation was 
accompanied by depression in melting temperature and reduction in the crystalline 
content. Some signs of spherulite destruction by thermal degradation has also been noted 
by Oliveira et al. [1995] during rotational moulding of polypropylene. 
Some reduction in crystallinity and melting temperature were registered by Blinov 
et al. [1989] on ozone oxidation of PP/PE blends. The drop in melting temperature was 
explained to be caused by an increase in the free surface energy of the crystals (like in 
Fig. 2.8) and/or disruption of crystallites. In fact, they concluded that ozone can 
penetrate the PP crystalline phase to provoke amorphization while in PE the reaction is 
restricted to the transition zone at the crystallite surface. Blinov et al. [1989] also 
stressed that the temperature of melting is a parameter suitable to evaluate oxidation. 
This latter statement contradicts the observation of Komitov et al. [1989] and Hamid and 
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Amin [1995] that the melting point of LDPE did not change even after long term 
exposure to a UV source, which resulted in appreciable oxidation. Zoepfl et aL [1984b] 
argued that the melting temperature of y-irradiated polyethylene can increase or decrease 
depending on the relative changes in melting entropy (due to crosslinking) and surface 
free energy of the crystals (due to scission of the folds). They explained that for low 
doses of y-radiation the crosslinking effect is more important and an increase in Ta is 
observed. Byershtein et al. [1989] point out that the drop in melting temperature is very 
sharp when the radiation brings about crystal destruction. 
A decrease in the content of hexagonal (ß) phase was observed in gamma 
irradiated PP films [Kostoski et al., 1989]. Their study also showed decreases in the 
overall crystallinity and in the melting temperature [1988; 1989]. A drop in Tm and in 
crystallization rate of y-irradiated PP with pigments was obtained by Wenxiu and Shui 
[1993]. Both investigations were based on DSC measurements. 
Sebaa et al. [1993] exposed LDPE films to natural and artificial weathering and 
verified an increase in the melting range. They explained that this could be due to small 
crystals generated in secondary crystallization during exposure as a consequence of an 
increase in polarity of the molecules by the carbonyl groups. The melting and glass 
transition temperatures were not affected. 
Other studies involving the effects of degradation on polymer morphology were 
published. Do et al. [1987] studied the thermo-oxidation of polyamides and suggested 
that chain scission occurs preferentially in the amorphous and interfacial regions rather 
than in the crystalline regions. Rosenberg et al. [1992] noted that the morphology of y- 
irradiated fluoropolymers changed from lamellar to granular but they did not propose an 
explanation. Vaughan and Stevens observed that electron radiation can destroy the 
crystalline structure of PEEK [1993; 1995b] and PET [1995a], especially when high 
doses were applied. A decrease of 15% in the crystallite thickness of PEEK caused by 
electron irradiation was observed by Yoda [1985]. Zhong et al. [1993b] reported that the 
melting point of PTFE decreased with y-radiation dose and temperature. Shakesheff et 
al. [1994; 1995] used in-situ atomic force microscopy to show that the amorphous 
fraction of poly(sebacic anhydride) was preferentially etched during degradation by an 
NaOH aqueous solution, revealing the spherulitic morphology underneath. 
2.4.2. EFFECTS ON CRYSTALLINITY 
The chemical effects of degradation, mainly the chain scission of polymer 
molecules at entanglements and tie chains, can lead to their reorganisation into a 
crystalline phase resulting in the increase on crystallinity. This is frequently called chemi- 
crvstalli: ation [Wunderlich, 1976a; Papet et al., 1987]. On the other hand, the crystalline 
phase of some polymers can be destroyed under certain degradation types and 
conditions. In a number of investigations the study of changes in crystallinity is not the 
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main objective, but it was monitored to help to understand changes in physical 
properties. The vast majority of reports in the literature used DSC to evaluate the 
crystallinity. Some others applied density, X-ray diffraction and infrared spectroscopy. 
The literature survey on this subject will be subdivided by polymer type and, within each 
type, by the source of degradation. 
Polypropylene 
Not many papers dealing with polypropylene were found on this topic. The density 
of PP was shown to increase with thermodegradation by Mucha and Kryszewski [1980], 
Mathur and Mathur [1982] and Horrocks et al. [1994a]. The increase in crystallinity was 
found to be proportional to the number of chain scissions that occurred during 
thermodegradation [Mucha and Kryszewski, 1980]. Mathur and Mathur [1982] also 
claimed that the percentage of isotacticity increased during degradation but they did not 
give a clear explanation for this. 
The photo degradation of PP has been reported to increase the crystallinity, as 
measured by DSC [Severini et al., 1988; Mani et al., 1994], density [Horrocks and 
D'Souza, 1990] and X-ray diffraction [Mani et al., 1994]. Baumhardt-Neto and De Paoli 
[1993b], however, did not detect changes in DSC enthalpy of PP films submitted to 
artificial photodegradation. 
Busfield and O'Donnell [1979] produced extruded films with different structures 
(monoclinic and smectic). They used X-ray diffraction to show that the monoclinic 
content of the smectic sample increased with gamma radiation dose but that the melting 
enthalpy and density decreased sharply due to crystal destruction. The decrease in DSC 
enthalpy of y-radiated PP was also noted by Kostoski et al. [1988], Katbab and 
Moushirabadi [1991] and Dogue et al. [1994]. Their results are in agreement with those 
obtained by Jayanna and Subramanyam [1993a] in which the X-ray diffraction 
crystallinity reduced from 55% to 45% when high doses of y-radiation (500 Mrad) were 
applied. Nevertheless, an increase in the crystallinity of isotactic PP with increased y- 
radiation dose has been reported by Decker et al. [1973] and by Kostoski and Stojanovic 
[1995]. The latters used DSC and X-ray diffraction to measure crystallinity of drawn 
samples and suggested that the increase in crystallinity was due to the scission of strained 
tie molecules. A more complete investigation was carried out by Mattakis et al. [ 1994], 
who demonstrated that the DSC enthalpy increased with y-radiation dose for a high 
molecular weight sample whereas it decreased with dose for a low molecular weight one. 
They argued that this is an effect of the initial degree of crystallinity (the lower the 
molecular weight the higher is the crystallinity and the lower is the degradation). 
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Polyethylene 
The increase in the crystallinity of y-radiated polyethylene was reported by a 
number of authors [Gee and Melia, 1970; Shinde and Salovey, 1985; Aslanian et al., 
1987; Papet et al., 1987; Zhao et al., 1993a]. Shinde and Salovey [1985] produced 
compression moulded plaques of UIDAWPE using two cooling conditions, quenched and 
slow cooled, and found that the increase in enthalpy was similar for the two sets of 
specimens. In a second melting run, the enthalpy decreased with dose, probably owing to 
crosslinking. Aslanian et al. [1987] obtained double peaks during DSC scans in y- 
irradiated LDPE films. This was attributed to the melting of new crystals formed during 
irradiation, the same explanation given later by Buggy and Carew [1994] on thermal 
degradation of PEEK. Aslanian et al. [1987] also reported that the crystal thickness of 
their samples increased with dose. Linking these two pieces of information together, one 
may consider the ordering of new (imperfect) crystals onto the existing crystals with 
different melting points. Papet et al. [1987] made DSC measurements at several depths 
of y-irradiated LDPE and observed that the increase in crystallinity (Xe) is higher near the 
surface layers because of the lower initial crystallinity there. The increase in melting 
temperature at moderate doses was related to thickening of the pre-existing lamellae but 
no measurements were carried out. 
Zhao et al. [1993a] studied the effect of gamma radiation on the enthalpy and 
lamellar thickness of UHMWPE. The two parameters followed the same trend, with an 
increase for low doses followed by a decrease at high doses. This was attributed to 
lamellar thickening followed by crystallite destruction. Lamellar thickening, however, 
was not observed by Batheja et al. [1983] during the electron radiation of HDPE and 
UHMWPE but a reduction in the long period was detected. They concluded from this 
that the observed increase in crystallinity was not by lamellar thickening, but by new 
lamellae growing within the amorphous region or, alternatively, as a result of 
reorganization into a higher degree of crystal perfection. The latter hypothesis was based 
on an increase in the melting temperatures. In another study, Batheja [1982] suggested 
that the increase in crystallinity results from the scission of highly strained molecules like 
tie molecules followed by subsequent recrystallization of broken chains. He also detected 
an increase in X, during storage [Bhateja, 1983]. Another interpretation given for the 
increase in the degree of crystallinity is that during degradation there is volatilization of 
the amorphous fraction as a result of several chemical reactions that culminate in the 
production of small (volatile) molecules [Kulshreshtha, 1992]. The crystalline phase, 
being impermeable to oxygen, remains and hence represents a higher proportion in the 
degraded material even if a crystallization process does not take place. 
Other researchers reported a reduction of crystallinity during gamma radiation of 
polyethylene [Shinde and Salovey, 1985; Jayanna and Subraman` am. 1993b]. 
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During the gamma-radiation degradation of HDPE and UH1'vIWPE, Minkova 
[1988] measured crystallinity content by DSC and X-ray diffraction. He reported a small 
increase in Xc measured by DSC and no change when measured by XRD. The 
explanation suggested was that radiation does not affect the polymer crystallinity, but 
influences the thermodynamic heat of melting as a result of a change in entropy of the 
amorphous fraction and of the crystal surface. Differences in DSC and XRD results for 
degraded or crosslinked polymers were also recognised by other workers [ging et al., 
1991; Gielenz and Jungnickel, 1994]. 
The increase in the degree of crystallinity of polyethylene due to photo degradation 
was observed by several authors [e. g., Mathur et al., 1981; Komitov et al., 1989; Hamid 
et al., 1989; Trojan et al., 1990; Albertsson et al., 1992; Jabarin and Lofgren, 1994; 
Lassiaz et al., 1994; Rull et al., 1995]. Hamid et el. [1989] stressed that the increase in 
polarity as a result of chemical reactions is the main factor to increase crystallinity in their 
naturally exposed LLDPE flms. They also considered the organization of freed segments 
due to chain scission as an important factor, which is agreed by others [Trojan et al., 
1990; Albertsson et al., 1992; Viebke et al., 1994]. Rull et el. [1995] used Raman 
spectroscopy to show that the increase in crystalline fraction did not correspond to the 
decrease in the amorphous fraction and concluded that the interphase content also 
decreased with degradation. An induction time for an increase in X, was observed by 
Jabarin and Lofg ren [1994] and Lassiaz et al. [1994]. The latter authors claimed that the 
increase in crystallinity occurs during thermal analysis and not during exposure because 
they found no correlation between crystallinity and mechanical properties of degraded 
films. They did not measure X, by non-thermal methods, however. Measurements made 
by Severini et al. [1987] indicated that the crystallinity of LDPE remained steady during 
environmental degradation. However, Khan and Hamid [1995] noted an increase from 
31% to 46% in DSC crystallinity after 3 years exposure in Dharan, Saudi Arabia. A 
decrease in the crystallinity of HDPE during a period of 90 days exposure in the 
Canadian winter was detected by Carrasco et al. [1995] using FTIR and DSC. They 
claimed that the decrease in crystallinity was due to chain scission, crosslinking and other 
oxidation reactions. 
Luongo [1963] reported an increase in the crystallinity of both HDPE and LDPE 
due to thermal oxidation as measured by infrared. They argued, however, that this 
increase is only apparent since X, was calculated using the expression X, = A730/A720, 
where the band at 720cm' represents the -CH2- groups at the amorphous fraction. 
Since the oxidation reduces the concentration of these groups, the reported increase in 
X, reflects an increase in the ratio of the crystalline material to the unoxidized amorphous 
material [LuonQo, 1963]. Winslow et al. [1963b] on the other hand, showed by using 
both X-ray diffraction and density measurements that the crystallinity of polh'ethylene 
increased Ntiith thermal oxidation. They also reported that the diffiactograms contained a 
27 
shoulder near the PE main reflection, a fact attributed to the defective crystals generated 
during the oxidation. 
The thermal oxidation of PE pipes was studied by Viebke et al. [1994]. The DSC 
crystallinity increased after an induction time which was inversely proportional to the 
temperature of exposure. They correlated the change in X,; to the number of chain 
scissions. An increase in the crystallinity of polyethylene during thermo-oxidation was 
also observed by Konar et al. [1988], while Sen and Kumar [1988] reported a decrease 
in Xc as measured by inverse phase gas chromatography. 
Other polymers 
Hydrolytic degradation of poly(ethylene terephthalate) (PET) can lead to chemi- 
crystallization, as observed by Ballara and Verdu [1989] and Allen et al. [1991]. Ballara 
and Verdu estimated 5-6 monomer units entering the crystalline phase per chain scission 
in a lamellar thickening process that leads to an increase in Tm. The increase in PET 
crystallinity during photo degradation in dry conditions was reported to be much more 
modest than under hydrolytic degradation due to the plasticization effect of moisture 
[Allen et al., 1991,1994a]. 
Chemi-crystallization was also recognised in several other polymers and 
conditions, like in the thermal oxidation of nylons [Do et al., 1987]. hydrolysis of poly(l- 
lactic acid) [Li et al., 1990], natural weathering of nylon 6 [George and O'Shea, 1990] 
and y-radiation degradation of fluoropolymers [Fisher and Corelli, 1981; Takenaga and 
Yamagata, 1990; Rosenberg et al., 1992; Zhao et al., 1993a]. Fisher and Corelli [1981] 
demonstrated by means of density, infrared spectroscopy, X-ray diffraction and DSC 
measurements that the crystallinity of polytetrafluorethylene increased during exposure 
to ionising radiation. They attributed this to chain scission, that relieves stresses in the 
amorphous region but did not give a clear explanation for this. They also reported an 
increase in disorder within the crystal structure. Zhong et al. [1993a; 1993b] expanded 
the investigation to include radiation at several temperatures. They noted that 
crystallinity decreased when samples were subject to high doses at 150°C and 220°C 
then annealed, and explained this was because of the occurrence of crosslinking and 
branching that reduce chain mobility. An increase in crystallinity from 20% to 98% after 
thermal treatment of polyacrylonitrile at 259°C was reported by Chatterjee et al. [1995]. 
This was not attributed to weight losses of the amorphous fraction which was about 15% 
for the conditions used. The authors however, did not separate the contributions of 
annealing from the contribution of chemi-crystallization. 
The effect of y-irradiation on the crystallinity of poly(ethylene oxide) was studied 
by Nedkov and Tsevetkova [ 1994] using X-ray diffraction. The crystallinity increased 
with low doses applied to reach a value of 70%. For doses higher than lOMrad the 
crystallinity decreased sharply to levels below the initial value (ca. 63%). They also 
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carried out experiments with highly crystalline (annealed) specimens (ca. 70%) and 
observed that the crystallinity decreased even with low doses applied. 
A decrease in crystallinity was also reported during photo-oxidation of 
poly(phenylene sulphide) [Das et al., 1995], thermal oxidation of poly(4-methyl pentene- 
1) [Billingham et al., 1976], X-ray exposure of poly(vinylidene fluoride) [Kawano and 
Soares, 1992], y-radiation degradation of poly(vinyl alcohol) [Baimuratov et al., 1993] 
and poly(phenylene sulphide) [Bulakh and Jog, 1995], and electron radiation of PEEK 
[Yoda et al., 1982]. 
2.4.3. EFFECTS OF RECRYSTALLIZATION 
A degraded polymer may be substantially different from the original one. The 
chemical degradation effects like chain scission, branching, crosslinking and the presence 
of other chemical groups that causes irregularities may alter the crystallization 
characteristics and, consequently, the behaviour of recrystallized polymers. 
Gielenz and Jungnickel [1994] did not detect changes in polyethylene physical 
structure due to radiation with fast electrons under vacuum, but they observed a drop in 
melting temperature and crystallinity after re-crystallization as well as a distortion of the 
crystal lattice. This was explained to be due to the formation of a crosslinked network in 
the amorphous phase during irradiation, which is consistent with the work carried out by 
Qu and Ranby [1993] on the photocrosslinking of LDPE. Working under similar 
experimental conditions to Gielenz and Jungnickel [1994], Hikmet and Keller [1987] 
proved by solvent extraction techniques that the double peak observed in DSC 
thermograms of recrystallized samples reflected the segregation of crosslinked (gel) and 
non-crosslinked (sol) fractions. The reduction in Tm and X. had been observed Zoepfl et 
al. [1984b; 1984a] in recrystallized PE y-irradiated in the solid state and by Mani et al. 
[1994] in recrystallized PP exposed to UV radiation. This subject was also included in a 
review published by Mukherjee et al. [1986] about radioactive degradation of 
polyolefins. 
Some changes in crystallization behaviour of thermally degraded PE had been 
observed before by Rybnikar [1976]. He prepared samples with different degrees of 
degradation by repeatedly extruding the polymer. The rate of crystallization increased 
with the number of extrusions and he suggested this was due to a better wetting of the 
heterogeneous nuclei or a nucleating activity of the degraded polymer due to polar 
groups. A similar trend was observed in polypropylene degraded by peroxide [Pospisil 
and Rybnikar. 1990; Rocha et al., 1995]. The rate of cold crystallization of non- 
crystalline poly(aryl-ether- ketone) [Yoda, 1984a; Day et al., 1988; Jonas and Legras, 
1991] and poly(ether-ether- ketone) [Vaughan and Stevens. 1993] were reported to be 
radation. reduced after chemical deg 11 
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A comprehensive study on the crystallinity and morphology of chemically 
crosslinked polyethylene was published by Phillips and co-workers [Kao and Phillips, 
1986; Phillips and Kao, 1986; Gohil and Phillips, 1986a; 1986b]. In their investigations, 
chain scission did not take place since crosslinking was promoted through dicumyl 
peroxide rather than through y-radiation. Among their results, they observed a decrease 
in the rate of crystallization and crystallinity in the gel fraction [Kao and Phillips, 1986; 
Phillips and Kao, 1986] together with a change in morphology, from conventional 
spherulitic in the sol fraction to sheaf-like in the gel [Gohil and Phillips, 1986b]. A similar 
change in morphology was also reported by Scheirs et al. regarding the re-melting of 
thermally oxidized HDPE [1991b] and poly(ethylene oxide) [1991a]. They attributed this 
change to both reduction in molecular weight and the presence of polar components in 
the polymer chain. With HDPE, they reported a reduction of melting temperature and 
lamellar thickness and a crystallinity increase of re-crystallized samples. 
2.5. CONCLUSIONS 
From the above, it is clear that the chemistry of PP photodegradation is very 
complex, not only because of the great number of products involved in the chain reaction 
but also because PP is a semicrystalline polymer and, presumably, with different 
sensitivities towards photooxidation in its crystalline and amorphous fractions. Two 
reasons for this difference are: (i) the amorphous fraction is more permeable to oxygen 
and (ii) the crystallization process may reject impurities from the crystallite that initiate or 
catalyze the photooxidation. The localization of degradation can lead to brittle fracture. 
In comparison with the virgin polymer, the exposed polypropylene will be different in the 
following aspects: 
" lower molecular weight; 
" presence of several chemical groups, like carbonyl, hydroperoxides, alcohol, ester, 
etc. attached to the main backbone; 
0 non-regularity of the extra groups mentioned above, thus reduced stereoregularity; 
" presence of low molecular weight impurities, by-products of degradation; 
" local heterogeneities of extent of degradation within the amorphous phase as a 
function of the initial distribution of chromophores; other heterogeneities may occur 
due to effects of orientation, residual stresses, applied loads, crystallinity, distribution 
of stabilizers and other additives, etc.; 
" heterogeneity throughout the thickness of the sample, with more degradation near 
the sw-face; the densification of the surface leads to crack generation; 
" physical separation of the amorphous and crystalline fractions due to breakdown of 
tie chains and entanglements. 
Care must be taken in order to separate the chemistry of degradation from the 
physical aspects like the drop in mechanical properties which seems to be more sensitive 
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to local defects (tie chain scission and surface cracks) than to the bulk degradation of the 
specimen. The survey has also shown that the evaluation of structure-related properties 
is more reliable when more than one technique is applied, like DSC and X-ray diffraction 
that give complementary information. 
The conflicting results and opinions in many areas cited above indicates that the 
knowledge in this field is still incomplete, though the discrepancies may be a result of 
differences in procedures, techniques and the type of polymer grade used (differences in 
molecular weight, additives, stereoregularity, etc. ). The understanding of molecular 
organization during degradation and recrystallization of degraded polymers is not 
complete either. Finally, the use of accelerated techniques to simulate natural exposure 
appears to be valid to assess the general effects of photodegradation on polymer 
structure and properties, though a strict correlation with natural weathering is rarely 
achieved. More discussion on the subjects dealt here will be held in the following 
chapters. 
3. EXPERIMENTAL 
3.1. INTRODUCTION 
This chapter describes the general experimental procedures employed in this work. 
Some specialized experimental procedures will be outlined in the appropriate chapters. 
First, the raw materials used and details of processing will be described, followed by 
exposure conditions and characterization. This last topic may be divided into three main 
branches: extent of chemical degradation, change in mechanical properties, and structural 
changes. 
The extent of the degradation was estimated by several methods: 
- infrared spectroscopy: to verify and quantify the presence of chemical groups 
originated in photooxidative processes; 
- gel permeation chromatography (GPC): to determine the molecular weight and 
molecular weight distribution; 
- differential scanning calorimetry (DSC): changes in thermal transition temperatures; 
The change in mechanical properties caused by the degradation was followed by 
uniaxial tensile experiments. The fracture surface and the damage on moulded surfaces 
were studied by scanning electron microscopy. 
Structural changes were followed mainly by X-ray diffraction and DSC. 
Finally, the characterization of the unexposed material was done, besides the 
methods cited above, by X-ray diffraction pole figure analysis and optical microscopy. 
3.2. MATERIALS 
The polypropylene used was manufactured by ICI under the code GXE 35. It is a 
general purpose injection-moulding grade and is supposed to be free of ultra-violet 
stabilizers but to contain a small amount of heat stabilizers to avoid degradation during 
processing. This grade was employed to produce both injection and compression 
moulded bars of unfilled and nucleator-added PP. 
Talc-filled PP grades were also produced by ICI. Two talc concentrations were 
used: 20% (T20H 553) and 40% (T40H 550). Again, these grades contain heat 
stabilizers but no ultra-violet stabilizers. The raw materials were used as-received and the 
stocks were kept away from ultra-violet radiation throughout the duration of the project. 
The physical properties reported by the manufacturer are presented in Table 3.1. 
ýý 
Property Unfilled 
- -- F-20% 
talc 40% talc 
F 
Melt flow index 10min 7-9 7 7 
Density k m3 905 1040 1240 
Tensile strength MPa 34.5 35 35 
Flexural modulus GPa) 1.5 3.4 4.3 
Izod impact strength (J) 4 3 1.5 
Heat distortion temperature (°C) 65 77 97 
Table 3.1. Properties of the raw materials, according to the manufacturer's technical 
information. 
3.3. INJECTION MOULDING 
Samples in the form of injection moulded bars for standard ASTM tensile tests 
were produced in a Butler-Smith 100/60 injection moulding machine. The flow of the 
melted material into the mould was through a tab gate (thickness of 0.5 mm) located at 
one end of the cavity. The residue of gate section and a witness mark in the surface 
formed at the fixed plate allowed identification of the back/front of the moulding. This 
detail was important on the exposure procedure since effects of flow and pressure cause 
the structure of the material to be different at the gate side and at the opposite side. The 
sample dimensions are approximately 190 mm in length and 12.7 mm x 3.1 mm at the 
narrowest section. 
Before starting moulding the bars, the cylinder of the injection moulding machine 
was cleaned by purging with virgin material to avoid any residues of contamination or 
degraded material from previous processings. A minimum of 30 samples was rejected at 
the beginning of the production run in order to ensure equilibrium conditions at the 
machine. After mould opening the samples were placed on a wood bench for 10 minutes 
for complete cooling before detaching the runners. Analysis of the moulded samples 
using X-ray diffraction revealed the high reproducibility of the process, both with 
samples from the same batch and with samples from different batches moulded under the 
same conditions. The structural features obtained with this processing technique will be 
shown in section 4.3.1. The moulding conditions for PP and talc-filled PP were: 
" cylinder temperature: 200°C (all zones); 
" nozzle temperature: 200°C; 
" mould temperature: 40°C (standard temperature); further batches at 20 and 60°C; 
" injection pressure: 107 MPa; 
" injection + hold-on time: 15 sec; 
" cooling time: 25 sec. 
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All samples were kept at room temperature for at least 3 weeks before UV 
exposure to guarantee equilibrium from post-moulding effects such as secondary 
crystallization. 
3.4. EXPOSURE PROCEDURE 
The ultra-violet exposure conditions followed other studies in the same laboratory 
[e. g., O'Donnell et al., 1994a]. The source of UV radiation was fluorescent tubes UVA- 
340 supplied by Q-Panel Company. As shown in Fig. 3.1, their output matches 
reasonably closely the solar radiation in the ultra-violet range of the spectrum at the 
Earth's surface. The choice of these tubes, therefore, helps a more realistic simulation of 
the natural photo degradation. 
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Fig. 3.1. Comparison of spectral output of UVA-340 (solid line) with the solar radiation 
(dashed line). 
The tubes (1.2m long) were used in pairs, producing a uniform output over the 
central meter. The intensity reaching the sample was controlled by the distance from the 
tubes to the sample surface and set to 2.2Wm 2 in the wavelength range 290-320 nm. 
Just for comparison, the intensity at noon in Jeddah, Saudi Arabia (a site considered to 
be a natural laboratory for polymer weathering) is 4Wm 2 [Qayyum and White, 1985]. In 
this place in midsummer the daily dose is about 20 Whm 2 while in the laboratory 
conditions applied here (uninterrupted exposure) the daily dose was 53Whm 2. The 
intensity of ultra-violet radiation reaching the sample surface was measured using a 
Bentham spectroradiometer based on a double grating monochromator. Calibration of 
the equipment was performed periodically with a standard UV lamp (Bentham 
Instruments model CL2). Weekly measurements were carried out and adjustments on the 
sample-tubes distance made if necessary. The tubes were replaced after about 6 months 
in use, when the intensity began to decay more quickly. 
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All the exposures were conducted at 30°C in a constant temperature room with 
fluctuation less than tl°C. Fig. 3.2 shows the open frame used to place the samples in an 
unstressed condition. This kind of design allows the exposure of up to 90 samples 
simultaneously. Unless otherwise stated, the bars were exposed with'the face opposite to 
the tab gate facing the UV source' (Fig. 3.3). After the exposure time (up to 48 weeks) 
the samples were removed from the exposure room and kept at room temperature and 
away from UV. 
rf 
ý- 
ý, 
V` 
Fig. 3.2. Open frame used for exposure. The intensity of radiation was measured on both 
lower and top bars). 
Uv 
1? 12.7mm 
Fig. 3.3. Samples position in relation to the UV light. Section 1 was used for X-ray 
diffraction experiments, whereas section 2 for DSC, FTIR and GPC. 
As mentioned above, the intensity level of UV radiation was measured at the 
sample surface but the knowledge of the UV penetration through the depth of the 
specimen is important because this affects the rate of photodegradation [Carlsson and 
Wiles, 1976]. The procedure employed was that already adopted in this laboratory 
[O'Donnell and White, 1993] and consists of measuring the UV intensity in transmission 
through the sample. Repeated experiments were carried out with several thicknesses, 
after milling away surface layers and then polishing away the machine marks. This was 
repeated until only 0.5mm remained. The relation between intensity I and depth z is 
given by: 
'Compression moulded samples were exposed with the surface in contact with the lower 
platten of the press facing the UV source. 
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In I=In I(0)-pz 
where 1(0) is the intensity of the entry face and p is the absorption coefficient. By 
plotting lnI vs z will result in a straight line of gradient -µ. Fig. 3.4 shows that the 
absorption characteristics of the several materials used are very different and this should 
affect the depth profile of the photodegradation. Note that the extrapolated data line to 
zero depth does not give the value of unimpeded intensity (I0), due to the reflection by 
the sample. The reflectivity, r, of the material can be calculated by the following 
equation: 
r2 =1-1(0) lo 
The values obtained for absorption coefficients and reflectivities are shown in Table 3.2. 
0 
-2 
-4 
-6 
-8 
-10 
-12 
--ý- unfilled 
\ý 
.. 
20% talc-filled -ý. 
40% talc-filled 
- "- " compression - 
slow cooled 
(3.1) 
(3.2) 
0 0.5 1 1.5 2 2.5 
Depth (mm) 
3 
Fig. 3.4. Plots of ln(I/Io) vs z for the some materials employed. The measurements of UV 
intensities were obtained for the range of wavelength 290-320 nm. 
Material Absorption 
_1 coefficient, µm) 
Reflectivity, r 
Unfilled PP (injection moulded) 340 0.36 
20% talc-filled PP 2480 0.59 
40% talc-filled PP 2960 0.79 
Nucleator added PP 340 0.35 
Compression moulded - slow 
cooled 590 0.36 
Compression moulded - normal 
cooled 340 0.29 
Table 3.2. Calculated absorption coefficients and reflectivities. 
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3.5. INFRARED SPECTROSCOPY 
The samples for Fourier transform infrared spectroscopy (FTIR) were prepared by 
removing a surface layer of 0.2 mm from the section 2 of the exposed surface (Fig. 3.3) 
using a single point cutter with fly-cutting action. This procedure has been widely used in 
this laboratory for residual stress measurements [e. g., White, 1984]. There was no 
evidence of melting due to the cutting action. Approximately 1-2 mg of the material 
machined away from the surface was mixed and cold pressed with KBr to produce disks. 
Highly degraded bars gave powdered samples that mixed very easily with KBr whereas 
unexposed and less degraded bars generated samples like chips that were cold pressed 
without KBr to produce thin films. Infrared spectra were obtained in transmission 
through the disks or thin films with a Nicolet 20 PC-IR Fourier transform spectrometer. 
The equipment was set to operate in the range 400-4000cm 1 with a resolution of 4cm ', 
obtaining a spectrum that represented the average of 32 scans. A typical spectrum for 
unfilled PP is shown in Fig. 3.5. 
The presence of carbonyl groups is easily observed in the wavelength range 1700- 
1800 cm-' and hydroperoxide in 3300-3600 cm-1 [Lacoste et al., 1993]. These peaks 
tend to be fairly broad because they are the result of absorption by different products of 
degradation [Hamid and Prichard, 1988]. Quantitative determinations of the carbonyl 
index (CI) were carried out based on the relative area under the carbonyl peak (Acar) and 
a reference peak (Aref), to take into account sample to sample mass variations: 
Cl = 
Acar 
Aref (3.3) 
The reference peak chosen should not be affected by degradation and should be 
fairly isolated from other absorptions. Several peaks were found in the literature to be 
used as a reference for polypropylene: 840 cm 
1 [Katbab and Moushirabadi, 1991], 
1166cm-1 [Baumhardt-Neto and De Paoli, 1993a], 1455 cm -1 [Blinov et al., 1989] and 
2720 cm 1 [Livanova and Zaikov, 1992; Peter et al., 1991]. The first two are also 
sensitive to the crystallinity of PP [Livanova and Zaikov, 1992; Karacan et al., 1993] and 
are not suitable. The peak centred at 1455 cm-1 is overlapped with several others, which 
makes the determination more difficult and, besides, is also related to the orientation of 
PP [Morales and White, 1988]. The peak at 2720 cm 
1 was chosen as the most 
appropriate and although small when compared with the others, reproducible 
determinations were achieved. This absorption is associated with CH bending and CH3 
stretching [Tobin, 1960]. 
37 
1 
0.8 
0.6 
ö 
0.4 Q 
0.2 
0, 
4000 
Wavenumber (cm-1) 
Fig. 3.5. Typical infrared spectrum for unfilled polypropylene after exposure to UV 
radiation for 9 weeks. 
3.6. GEL PERMEATION CHROMATOGRAPHY (GPC) 
Molecular weight and molecular weight distributions were measured with this 
technique that permits determination of number-average (Mn) and weight-average (Mw) 
molecular weights. Again, the samples to be analyzed were removed from the depth of 
0.2mm of the exposed surface of the bar at section 2 of Fig. 3.3. Each result reported 
represents the average of two determinations. 
The measurements were made at Rapra Technology Ltd. (Shawbury, Shrewsbury) 
using a 300mm length column filled with gel supplied by Polymer Laboratories (PL gel 2 
x mixed gel-B) with particle size 10µm. The instrument was calibrated with narrow 
molecular weight polystyrene and the data were processed with PGC PRO software 
(Viscotek Corporation). The solutions with 1,2 dichlorobenzene (15ml of solvent to 
30mg of sample) were prepared and filtered at 140°C under nitrogen. The equipment 
was run with the cited solvent at 140°C with a flow rate of 1mi/min and an injection 
volume of 0.2m1. Discussion on the procedure adopted by Rapra to measure the 
molecular weight of degraded polymers was published by O'Donnell et al. [1994b]. 
3.7. MECHANICAL PROPERTIES 
Mechanical testing was carried out on complete bars using a JJ LloydT5003 
uniaxial tensile testing machine operating at a crosshead speed of 50 mm/min with a load 
cell of AN capacity. The tests were conducted according to ASTM D638 test method 
3500 3000 2500 2000 1500 1000 500 
3O 
and from the curves obtained the values of maximum engineering stress and elongation at 
break were derived. The results reported here for the tensile strength refer to the strength 
retained, defined as the percentage of the ratio between the strength for an exposed 
sample (6ev) and the strength for an as-moulded sample (aunev): 
Strength Retained = 
6exp 
x100 (3.4) bun 
exp 
The values reported represent an average of 4 measurements. 
3.8. SCANNING ELECTRON MICROSCOPY (SEM) 
Selected samples fractured during uniaxial tensile tests were analyzed using a 
Hitachi S-2400 scanning electron microscope. The samples were carefully cut (10-15mm 
long) and mounted on SEM aluminium stubs with the fracture surface upwards. A gold 
coating covering the whole sample was applied to avoid serious charging and radiation 
damage problems [White, 1991]. Inspections were made on both fracture and moulded 
surfaces with the secondary electron image at an accelerating voltage of 15 kV. Images 
were recorded at several selected magnifications to allow comparisons of features of 
different scale, but differences in sample heights limited the minimum magnification in 
some cases. 
3.9. X-RAY DIFFRACTION 
X-ray diffraction was carried out with a Phillips PW 1730 diffractometer using 
CuK°, Ni-filtered radiation. The samples were cut corresponding to position 1 in Fig. 3.3 
and mounted on the rotating table of the sample holder. The diffracted intensity was 
recorded using a chart recorder. The sensitivity was pre-selected with reference to the 
strongest peak. The experiments usually covered the diffraction angles 29= 7-31°, which 
range includes the main reflections of PP crystals [Turner-Jones et al., 1964]. 
Some experiments were done at different depths by milling away surface layers and 
exposing the new surfaces to the X-rays. The bulk sample, therefore, was used to obtain 
information from the exposed surface. The penetration of X-rays for the arrangement of 
the diffractometer used (specimen holder tilting at an angle of 0 for 20 diffraction angle) 
is approximately 0.2-0.25mm for polypropylene [Alexander, 1969]. 
From the traces obtained the crystalline phases present, the relative orientation of 
certain crystal axes, and the degree of crystallinity were deduced. The crystallinity was 
calculated according to the method developed by Weidinger and Hermans [1961]. The 
method is relatively simple and consists basically of the separation of the amorphous 
background from the crystalline peaks and then the measurement of the relative areas. 
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The shape of the amorphous background is shown as the dashed line in Fig. 3.6. The 
procedure for drawing this line on the X-ray trace is outlined below: 
" the baseline is the straight line that connects the diffraction curve from 29= 7° to 
30°; it has a slight inclination; 
" the maximum height of the amorphous background a is determined as the distance of 
the baseline to another line passing through the minimum between the first two 
crystalline peaks (110) and (040) at an angle 20= 16.3°; 
" another point of the background is at 20= 14.8° at the vertical distance of 0.9a 
above the baseline; 
" the background curve is then sketched, passing through the two fixed points referred 
to above and tangential to the diffractogram at 28= 12.5° and 23°. 
20 (°) 
Fig. 3.6. Determination of degree of crystallinity, according to Weidinger and Hermans 
[1961] procedure. 
The degree of crystallinity Xc is determined with the following equation: 
Xc = 
1 (3. s) 
1+ 1.297 Aam / Acr 
where Aan, and Acr are the areas under the amorphous background and the crystalline 
peaks, respectively. 
According to the authors, this method gives results fairly consistent with the 
procedure proposed by Ruland [Alexander, 1969] with the great advantage of being 
rapid in execution whereas Ruland's method is not very practicable for a large number of 
samples like in the current work. Although there are some unavoidable subjective steps 
in the construction of the amorphous background, pilot experiments confirmed that the 
5 10 15 20 25 30 
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method is very reproducible, with variance less than 1.5%. Several workers have used 
this procedure [e. g., Minkova, 1988; Fujiyama and Wakino, 1991b; Aboulfaraj et al., 
1993; Wenig and Lemke, 1993] and it has been cited in the textbooks by Wunderlich 
[1976a] and by Balta-Calleja and Vonk [1989]. 
The results reported represent two (or sometimes more) separate experiments. For 
talc-filled polypropylene this technique was not applied for routine characterization due 
to the strong diffraction by talc particles, having some peak positions within the range 
specified for the degree of crystallinity determination. 
For the as-moulded PP samples, X-ray diffractograms were also used to estimate 
the content of hexagonal (ß) phase. This crystal phase has the strongest reflection (300) 
centred at 20= 16.1° [Trotignon et al., 1982]. The ß-phase index, B, was then calculated 
according to the expression proposed by Turner-Jones et al. [1964]: 
h, # 8= 
hl +h2 +h3 +hß 
(3.6) 
where hp is the height above the amorphous background of the ß-phase reflection and 
hl, h2 and h3 are the heights of monoclinic reflections (110), (040) and (130), 
respectively. As it is based on peaks heights rather than integrated intensities, this index 
was used only as a qualitative guide to the ß-phase content. 
3.10. POLE FIGURE ANALYSIS 
X-ray diffraction pole figures were constructed based on data obtained with a 
Philips PW 1078. In this equipment, the sample was mounted on the specimen holder 
with a selected orientation so that the bar axis (named machine direction) coincided with 
the vertical axis in the analyzed pole figure. The goniometer was set at a fixed Bragg's 
angle corresponding to the plane to be investigated and the intensity of diffraction was 
continuously measured during the rotating and tilting movement of the sample. The 
experiments were done only in reflection, from a latitude angle (a) of 0 to 700. No 
attempt was made to normalize intensities with the different samples employed. The pole 
figure was drawn by stereographic projection of the intensities vs longitude angle (ß) 
obtained with the traces [Alexander, 1969]. The results that will be shown were obtained 
with samples removed from the middle of the bar and then machined to a circular shape. 
The special advantage of this technique is that the whole distribution of crystal 
orientation can be revealed [Preedy and Wheeler, 1972; Bowman and Bevis, 1976; 
Karacan et al., 1993; Poussin et al., 1995]. 
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3.11. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
Thermal analyses were carried out with most samples in order to evaluate changes 
in thermal transition temperatures and in melting enthalpy. A Mettler FP90 controller 
connected to a FP85 Heat Flux DSC cell was used. This cell consists of a hollow, 
cylindrical aluminium furnace with two DTA sensors arranged one above the other with 
the sample and the reference pans. Two thermocouples (Ni-CrNi) connected back to 
back are used to measure the temperature difference between the sample and reference 
crucible, i. e. the DTA signal, that is converted into the DSC signal according to the 
calorimetric sensitivity of the thermocouples. The temperature of the furnace is 
controlled by a Pt 100 temperature sensor. 
The specimens were removed from the exposed surface by milling away a depth of 
0.2 mm at a position on the bar corresponding to the section 2 of Fig. 3.3. Some studies 
were also carried out with samples collected from several depths, keeping the thickness 
of the removed layer at 0.2 mm. The material weighing 5-6 mg (precision of ±0.01 mg) 
was wrapped in aluminium foil and placed in the aluminium pan of the cell. The use of 
aluminium foil was adopted to improve thermal contact between the sample and the pan 
that was otherwise very poor with the samples in the form of swarf as obtained with the 
milling machine. The aluminium was degreased prior to use and when run alone in the 
DSC did not show any thermal transition within the range of temperature applied in this 
work. The equipment was calibrated for temperature and calorimetric sensitivities of the 
cell with indium, again wrapped in aluminium foil. The calibration was repeated 
periodically and only negligible changes were noticed from one calibration to another. 
The system was controlled directly from a personal computer and the operating 
conditions set for most runs consisted of (i) a first heating, from 40 to 210°C, followed 
by (ii) cooling, from 210 to 40°C, and finally (iii) a second heating, from 40 to 210°C. 
Unless otherwise stated, all experiments were performed at a heating/cooling rate of 
13°C. In all steps, the measurements were conducted under nitrogen flow (50 ml/min) to 
avoid thermal degradation. In most cases three runs were done for each type of sample. 
From the thermograms obtained, melting and crystallization temperatures were 
taken as the maximum on the output of the corresponding curves. Fig 3.7 shows a 
typical curve obtained during heating. The temperature axis corresponds to the furnace 
temperature, not the actual sample temperature, because there is a temperature lag 
between the sample and the furnace. The values at the peaks reported here are the 
corrected values. available directly from the software. In Fig 3.7 it is clear that the 
baseline after melting does not coincide with the baseline before melting. This is because 
the thermal properties of the material are different before and after the transition [Brown, 
1988]. The procedure adopted to obtain the melting enthalpy, consisted of drawing 
straight lines coinciding with the low and high temperature ranges of the curve. The 
starting and end temperatures for enthalpy evaluation were taken at the positions where 
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the thermogram just departs from the drawn straight lines (positions A and B in Fig. 3.7). 
The enthalpy is proportional to the area under the melting peak. For each thermogram 
three enthalpy determinations were made to reduce possible inaccuracies in this 
procedure. Hereinafter, the parameters derived from the thermograms will be named: 
" Tm1= melting temperature on the first heating run; 
" \Hm1= melting enthalpy on the first heating run; 
" Tc= crystallization temperature on the cooling run; 
" Tom= melting temperature on the second heating run; 
" AH, = melting enthalpy on the second heating run; 
It was not possible to estimate the enthalpy on the cooling run because the FP85 
cell uses a fan to promote cooling, and this makes the baseline rather uncertain, reducing 
the accuracy of the determinations. Nevertheless, the crystallization temperature showed 
reproducible results. In general, the variance in Tm and Tc determination was less than 
0.2%, while the values of enthalpy showed some scattering. The experiments were 
repeated if the results exceeded 4% in variance. 
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Fig. 3.7. Typical thermogram obtained during heating. 
From the melting thermograms the melting range was also obtained, defined as the 
peak width at half height. 
3.12. LIGHT MICROSCOPY 
Light microscopy was used both to characterize the morphology of the as-moulded 
material and to analyze the effect of exposure on the crystalline texture of the 
recrystallized material. In the first case, two techniques were used: (i) transmission 
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temperature (°C) 
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microscopy of thin sections and (ii) reflection microscopy of etched surfaces. For 
transmission observations thin slices (10-20 p. m) were microtomed perpendicular to the 
moulding direction from the central part of the specimen and mounted between a glass 
slide and a cover slip using dibuthylphthalate as an immersion medium [Hemsley, 1984]. 
Very sharp steel microtome knives were necessary to obtain slices free from scratches. 
The samples were observed under cross polars using an Olympus optical microscope. 
For reflection observations, the specimen was cut and carefully polished with 
several different emery papers and alumina (0.1 pm) until there were no visible scratches. 
The sample was then etched with a mixture of potassium permanganate (1.3wt%), 
sulphuric acid (65.8wt%) and phosphoric acid (32.9wt%), following the procedure 
developed by Olley and Bassett [1982]. This solution removes preferentially the 
amorphous fraction of the polymer surface and allows the observation of some 
morphological features. After an immersion time of 18 hours, the sample was 
successively washed with hydrogen peroxide, distilled water and acetone. The 
microscopical observation was carried out with the same Olympus microscope, 
reconfigured for reflection. 
For the investigations on the recrystallized materials, a small amount of sample was 
melted between two cover slips and run using a Mettler FP84 cell This cell is normally 
used for microscopical observations and was set to operate under the same conditions 
applied for the normal DSC experiments. The analyses were carried out (under cross 
polars) both during the cooling (magnification: 10x) and after the crystallization was 
completed (magnification: 20x). A sensitive tint plate between the cross polars was used 
to give the sign of birefringence. Negative spherulites have a yellow colour at -45° to the 
vertical and a blue colour at - --45°, whereas in positive spherulites the colours are 
reversed. 
4. PHOTODEGRADATION OF POLYPROPYLENE 
4.1. INTRODUCTION 
The aim of this chapter is to study the extent of photo degradation in polypropylene 
and then to correlate the chemical effects of exposure with the polymer physical aspects. 
The degradation was quantitatively investigated by accumulation of carbonyl groups and 
reduction in molecular weight and the results will be used to understand the effects on 
physical properties and structure. Special emphasis will be given to the crystallization 
during exposure bearing in mind the conflicting effects of chain scission and chemical 
changes introduced by the degradation. As a semi-crystalline polymer, some 
complications arise in understanding the relative importance of the crystalline and non- 
crystalline fractions on the rate of degradation and the consequences on the structure and 
morphology of the re-crystallized material. In chapter 5 this theme will be dealt with in 
more detail. 
No attempt was made in the present work to follow or describe the kinetics of 
photodegradation since this subject was extensively studied by others in the past. 
Whenever possible, the results shown here will be compared with those found in the 
literature regarding the degradation of polypropylene and other polymers. 
This chapter will deal only with a material chosen as a standard one in this research 
(PP unfilled, injection moulded with a mould temperature of 40°C), with which a more 
detailed study was conducted. In the following chapters some comparisons with other 
types of samples or samples exposed under different conditions will be made. 
4.2. EXPERIMENTAL 
The material used and the main experimental approach were described in chapter 
3. The chart shown in Fig. 4.1 summarizes the procedure adopted regarding the present 
chapter. PP injection moulded bars were exposed to ultraviolet radiation for up to 48 
weeks. The extent of degradation was estimated by means of Fourier transform infrared 
spectroscopy (FTIR) and gel permeation chromatography (GPC) whilst the physical 
properties were analyzed by mechanical testing, X-ray diffraction, optical microscopy 
and differential scanning calorimetry (DSC). Unless otherwise stated, the experiments 
were carried out with specimens removed from the exposed surface with a thickness of 
0.2mm. Some measurements were conducted in other positions within the bars. 
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4.3. RESULTS AND DISCUSSION 
4.3.1. STRUCTURE OF THE AS-MOULDED PP 
Since some structure-related aspects of polypropylene degradation will be 
discussed in the following sections and chapters, it was found necessary to establish the 
structure and morphology of the as-moulded samples. This was done by means of X-ray 
diffraction, pole figure analysis and light microscopy. A collection of reviews covering 
many aspects of polypropylene structure and morphology was edited recently by Karger- 
Kocsis [1995]. 
4.3.1.1. X-Ray Diffraction 
Fig. 4.2 shows the diffractograms at three different positions within a injection 
moulded bar: surface (equivalent to the UV-exposed side), 0.2mm below the surface and 
0.6mm below the surface. The UV-exposed side is the one opposite to the gate (see 
section 3.4). The main crystal lattice is monoclinic with reflections at 28= 14.1° (110), 
16.9° (040), 18.5° (130), 21.3°(111), 21.8° (131), 21.9° (041) and 25.5° (060) when 
using CuK, X-rays (wavelength= 0.1542nm) [Trotignon et al., 1982]. Besides the height 
of the amorphous background (that is proportional to the content of the amorphous 
fraction), the main difference among the diffractograms is the proportion of the 
hexagonal phase (0-phase) which is characterized by a strongest reflection centred at 
20= 16.1°, corresponding to the (300) planes [Addink and Beintema, 1961; Turner-Jones 
et al., 1964]. The hexagonal phase in isotactic polypropylene is relatively common and is 
normally formed under the following conditions: rapid quenching from the melt to a 
temperature between 100 and 130°C [Padden and Keith, 1959; Turner-Jones et al., 
1964], during shear-induced crystallization [Dragaun et al., 1977; Trotignon and Verdu, 
1987a], by crystallization in a temperature gradient [Lovinger et at, 1977; Fujiwara et 
al., 1987] or in the presence of compounds like chinacridine permanent red that nucleate 
preferentially the hexagonal phase of PP [Rybnikar, 1991a; Santos Filho and Oliveira, 
1993b]. The content of 0-phase obtained was reported to depend on the polymer 
molecular weight [Turner-Jones et al., 1964; Galeski, 1995] and tacticity [Addink and 
Beintema, 1961]. The hexagonal phase was found to play an important function on the 
deformation mechanism of polypropylene [Aboulfaraj et al., 1995]. 
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Fig. 4.2. X-ray diffractograms at the surface (a), 0.2mm below the surface (b) and 
0.6mm below the surface (c). The measurements below the surface were carried out after 
removing the corresponding surface layer. 
From measurements made at several distances from the surface, the ß-phase index 
(defined in section 3.9, equation 3.6) and degree of crystallinity were calculated, and the 
results are shown in Fig. 4.3. As noted by other workers [Katti and Schultz, 1982; 
Nadkarni and Jog, 1984; Wenig and Herzog, 1993], the crystallinity increased from the 
surface towards the interior due to the quenching effect of the cold mould. The amount 
of ß-phase phase is low at the skin, reaches a maximum just below, and falls to zero at a 
depth of 0.6mm It is believed that the shearing effect of the injection moulding process 
is responsible for this type of profile [Trotignon et al., 1982]. During mould filling, the 
orientation near the wall is caused by elongational flow whereas next to this position the 
orientation is due to shearing forces, that are much more stronger [Bright et al., 1978; 
White, 1984]. Hence the shearing effect is low very close to the wall, grows rapidly to a 
maximum next to the wall and then decreases towards the centre. Due to the low thermal 
conductivity and slow rate of crystallization of PP, there is some relaxation of melt 
orientation before solidification, with the molecules partly re-acquiring the coiled state at 
depths of 0.6mm and higher. The maximum concentration of ß-phase, therefore, occurs 
just below the surface. From Fig. 4.3 it is also evident that the gate surface side of the 
moulding shows higher crystallinity and ß-phase content. This is believed to be due to a 
higher pressure on the gate side during crystallization and a higher molecular orientation 
during mould packing [Trotignon et al., 1982; Schurz et al., 1993; Wenig and Herzog, 
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1993]. The structural and morphological differences between the skin and the core of 
injection moulded polypropylene have been intensively investigated throughout the years 
[e. g., Kantz et at, 1972; Mencik and Fitchmun, 1973; Dragaun et at, 1977; Fujiyama et 
al., 1988; Fleischmann et at, 1989; Zipper et al., 1991; Chen and White, 1992; Schurz et 
al., 1993; Wenig and Herzog, 1993]. 
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Fig. 4.3. Degree of crystallinity and ß-phase index as a function of the depth in an 
injection moulded bar. The gate surface is located at a depth of 3. lmm 
From the diffractograms given in Fig. 4.2 it is clear that the relative intensities of 
the (110) and (040) vary with the location within the moulding. This is related to the 
crystalline orientation [Schurz et al., 1993]. To clarify this, X-ray experiments were 
conducted at other locations, following the same procedure adopted by Fujiyama and 
Wakino [1988]. In Fig. 4.4 the directions of X-ray beams are depicted as well as the 
corresponding diffractograms. The results suggest that the skin is oriented with the b- 
axes of PP crystal cells towards the thickness direction and that the core is unoriented. A 
mixture of c- and a*-axis orientation parallel to the moulding direction at the surface was 
deduced by Fujiyama and Wakino [1988] and the model proposed by them is shown in 
Fig. 4.51. A confirmation of the higher orientation of PP (040) planes on the surface was 
revealed here by pole figure analyses. 
'The diffractograms obtained by Fujiyama and Wakino [1991b] showed a higher 
intensity of the (110) reflection in comparison with the (040) reflection. Nevertheless, 
their interpretation was that the b-axis was oriented towards the thickness direction. 
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Fig. 4.4 X-ray diffractograms of a PP injection moulded bar taken from the positions 
edge, end and through, as indicated in the inset. 
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Fig. 4.5. Model proposed by Fujiyama and Wakino [1988] for the mixed c and a*-axis 
orientation in a PP injection moulding. 
x. 3.1.2. Pole Figure Analysis 
The orientation distribution of the (040) planes of polypropylene crystals was 
evaluated by pole figure analysis at a fixed Bragg's angle of 20=16.9° (Fig. 4.6). At the 
surface and at 0.2mm below it the patterns were almost indistinguishable with contours 
nearly circular. This characterizes a preferred orientation towards the normal direction. 
The small difference in intensity among the various contours indicates that this 
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orientation is not very strong. The samples also present a weak equatorial orientation. 
This orientation, however is much lower when compared with the samples analyzed by 
Chen et al. [1992] in the same laboratory. This is possibly due to differences in the 
moulding conditions and in the grade used. At a position 0.6mm below the surface the 
crystals are practically unoriented (Fig. 4.6c). 
Fig. 4.6. Pole figure of polypropylene injection moulding obtained from the surface (a), 
0.2mm below the surface (b) and 0.6mm below the surface (c). 
4.3'. 1.3 . 
Optical Microscopy 
Polarized light microscopy of microtomed sections was carried out to reveal the 
skin-core morphology. The sections were cut perpendicular to the moulding direction. A 
typical morphology is shown in Fig. 4.7, which presents features fairly similar to those 
reported by Fitchmun and Mencik [197-33]. According to them, 
it consists of a layered 
structure starting with a featureless skin about 20 p. m thick of poorly oriented molecules 
51 
and ending with an spherulitic unoriented core. Just below the featureless skin there is 
highly oriented and birefringent layer (about 80 µm thick). In this zone, a large number 
of fibrillar nuclei are formed, resulting in lamellar overgrowths [Katti and Schultz, 1982]. 
The following layer is approximately 100µm thick and consists of very fine spherulites, 
best seen under electron microscopy [Fitchmun and Mencik, 1973]. The next layer is 
about 350µm thick, and is distinguished by a high concentration of bright spherulites. 
These spherulites were named type III by Keith et al. [1959] and are characterized by an 
hexagonal crystal lattice [Norton and Keller, 1985]. This layer corresponds to the 
maximum in the ß-phase concentration shown in Fig. 4.3. The actual morphology and 
proportion of the several layers in injection moulded polypropylene were found to be 
highly dependent on the processing conditions [Kantz et al., 1972; Murphy et al., 1988; 
Kalay et al., 1995], polymer grade [Trotignon and Verdu, 1987a; Phillips et al., 1994], 
distance from the gate [Murphy et al., 1988], and on the presence of nucleating agents 
[Fujiyama and Wakino, 1991 a] 
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Fig. 4.7. Polarized light microscopy of a microtomed section of polypropylene cut 
perpendicular to the moulding direction. 
The reflection optical microscopy of a sample after polishing and etching with 
potassium permanganate (according to the procedure detailed in section 3.12) is shown 
in Fig. 4.8. In this kind of analysis the layered structure is not as clear as in polarized 
transmission microscopy but the spherulitic morphology is better defined. The dark 
spherulites were attributed to the hexagonal phase [Aboulfaraj et al., 1993]. These are 
normally larger than the a-phase spherulites due to the higher growth rate [Schulze and 
Wilbert, 1989; Varga, 1992], and, although present in samples taken at several depths 
from the surface, they are concentrated in a band (--0.3mm thick and 0.2mm from the 
swface) within the moulding. This is consistent with the observations made by light 
polarized microscopy and X-ray diffraction. 
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Fig. 4.8 Reflection optical microscopy of injection moulded polypropylene after 
permanganic etching. 
4.3.2. EXTENT OF DEGRADATION 
The amount of chemical degradation was estimated using two methods: carbonyl 
index (by Fourier transform infrared spectroscopy) and molecular weight (by gel 
permeation chromatography). The former measures the amount of carbonyl groups 
attached to the polymer molecules whereas the latter is indicative of the chain scissions 
that take place during photo degradation. Both pieces of information are essential to 
understand the physical aspects involved with the degradation, like mechanical properties 
and crystallization behaviour. 
4.3.2.1. Carbonyl Index 
As pointed out in chapter 2 (reactions 11 and 12), the photodegradation causes the 
build-up of carbonyl groups in polypropylene, and this is one of the main parameters to 
assess chemical degradation. Once the carbonyl groups are formed they remain relatively 
unchanged in the polymer molecule due to its poor ability to act as a photosensitizer or 
take part in other chemical reactions [Chakraborty and Scott, 1977; Slobodetskaya, 
1980]. The carbonyl index, even though is a qualitative parameter to estimate the 
concentration of carbonyl groups, is a useful measure of the extent of degradation due to 
its cumulative effect on the photodegradative reactions of polypropylene. 
The infrared spectra of PP exposed to UV radiation are displayed in Fig. 4.9 for 
selected exposure times. The main differences among the spectra are the increase in the 
absorbance at 1700-1800 cm -1 (carbonyl groups), and at 3300-3600 cm -1 
(hydroperoxides). The hydroperoxide band is very broad because other groups absorb at 
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this range, like alcoholic hydroxyl groups and hydrogen-bonded alcohols [Hamid and 
Prichard, 1988; Scheirs et al., 1995]. 
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Fig. 4.9. Fourier transform infrared spectroscopy of PP exposed to selected times 
obtained with specimens removed from the exposed surface. 
From the area under the carbonyl band relative to that under a reference peak 
(centred at 2720 cm-'), the carbonyl index was estimated (according to the procedure 
described in section 3.5) and is given in Fig. 4.10. The carbonyl index increased almost 
linearly with exposure time up to 36 weeks and afterwards there is a small increase with 
further exposure. The use of this parameter to monitor the photo oxidation of PP was 
adopted by many other researchers [e. g., McTigue and Blumberg, 1967; Kato et al., 
1969; Adams, 1970; Knight et al., 1985; La Mantia, 1986; Baumhardt-Neto and De 
Paoli, 1993a; Allen et al., 1994b]. Vink [1983] pointed out that the photooxidation of PP 
is characterized by an induction time followed by a steady state rate of degradation. The 
induction time is not observed in the results presented in Fig. 4.10, where the carbonyl 
index is higher than zero even for the unexposed sample. The relatively severe thermal 
degradation imposed by the injection moulding process may have caused the formation 
of carbonyl groups during processing [La Mantia, 1986] as seen in Fig. 4.9 for the 
unexposed sample. A non-zero value of carbonyl index for unexposed PP has also been 
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observed by others [e. g., Severini et al., 
Agnelli, 1995]. 
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Fig. 4.10. Effect of exposure time on the carbonyl index of polypropylene. Data from the 
exposed surface. 
Another aspect of the curve in Fig. 4.10 is the decrease in the rate of carbonyl 
index increase for 48 weeks exposure. Considering that the degradation in PP occurs 
preferentially by hydrogen abstraction at the tertiary carbon, and that the availability of 
these sites decreases with the progression of degradation, it is reasonable to accept that 
there may reach a state where the rate of degradation decreases. This may be the case in 
this study for samples which were exposed for 48 weeks under continuous UV 
irradiation. An alternative explanation is that some carbonyl groups formed during 
photodegradation were decomposed by the ultraviolet, re-starting the reaction 
mechanism. A decrease in the rate of carbonyl formation was also reported by Adams 
[1970]. 
The depth-profile of distribution of carbonyl groups was evaluated for the sample 
exposed for 18 weeks (Fig. 4.11). Each data point represents a specimen 0.2mm thick 
removed from the appropriate depth, and plotted in the thickness scale as the mean value 
(for instance, a specimen removed from the layer 0-0.2mm was plotted at 0. lmm). The 
figure shows clearly that the degradation is much higher at the surface than in the interior 
of the bar. This happens because of the low diffusion of oxygen through the sample that 
slows down the rate of chemical degradation in the interior of a thick sample [Davis and 
Sims, 1983; Audouin et al., 1994]. Besides, the exposed surface exhibited higher 
degradation than the unexposed face. The difference is not very large but it is probably a 
result of lower level of UV radiation reaching the back side (see Fig. 3.4 for the UV 
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absorption characteristics). Fig. 4.11 also shows that in the core of the bar the carbonyl 
content was slightly higher than in the unexposed bar. The small difference may be just 
due to scattering of results since some variation is expected according to the nature of 
the procedure adopted. Alternatively, oxygen already dissolved in the sample and/or 
diffused during the exposure time may account for a carbonyl index higher than in the 
unexposed sample. A decrease in the concentration of oxidation products with the 
distance from the surface during the photo degradation of PP was also observed by e. g., 
Blais et. al. [1972], Wiles [1973], Schoolenberg and Vink [1991], Delprat and Gardette 
[1993] and Lacoste et al. [1995]. Schoolenberg and Vink [1991] collected samples for 
FTIR analyses by microtoming at every 20 µm and their results showed that the carbonyl 
index decreased steadily with depth for short-term exposures whereas for long-term 
exposures it remained nearly constant up to a certain depth beyond which it started to 
decrease. This in part agrees with the interpretation given here for the decrease in the 
rate of carbonyl formation for the sample exposed for 48 weeks (Fig. 4.10). 
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Fig. 4.11. Carbonyl index of PP exposed for 18 weeks as a function of the distance from 
the UV surface. The dotted line represents the value for the unexposed material. 
4.3.2.2. Molecular Weight 
Fig. 4.12 shows some GPC chromatograms of PP samples. It is evident that a 
great reduction in molecular weight had taken place as seen by the shifting of the curve 
towards the lower molecular weight end. Since there is no indication of increase in the 
higher molecular weight end of the distribution, crosslinking probably did not occur with 
the samples under investigation. 
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Fig. 4.12. GPC chromatograms for PP exposed to UV radiation obtained with samples 
removed from the exposed surface. (a) unexposed; (b) 6 weeks; (c) 12 weeks; (24 
weeks). 
The cut off of the curve on the left-hand side in Fig. 4.12 is specially acute for 
prolonged exposed samples and is a limitation of the GPC method on the evaluation of 
degradation. This problem is associated with the analysis limits selected on the elution 
curve [O'Donnell et al., 1994b], a choice limited by the presence of an antioxidant added 
before the measurement to avoid oxidation during the experiment. As shown in Fig. 
4.13, the antioxidant (2,6-tert-butyl-p-cresol) exhibits its own peak in the chromatogram 
which may coincide with some part of the distribution of a heavily degraded sample and, 
therefore, limits the range of determination. The cut-off of 370 "data points" was chosen 
as the limit of determination for all samples. Evidently, this causes a lower limit to the 
measured molecular size in the distribution at around 1000g/mol. 
As the number average molecular weight (Ms) is more sensitive to the lower 
molecular weight species than the weight average molecular weight (Mw), the values 
reported for M,, are more reliable [O'Donnell and White, 1994a] and, therefore, will be 
used more extensively throughout this thesis. This limitation has been discussed in a 
review about the determination of molecular weight of weathered polymers by 
O'Donnell et al. [1994b]. Furthermore, even for non-degraded polymers the 
reproducibility of GPC results is poor because it is very sensitive to sampling frequency 
[Monasse and Haudin, 1995]. Cooper [1989] recommended that for a precise 
determination of the molecular weight of highly degraded polymers it is necessary firstly 
to extract the low molecular weight fraction and then carry out analysis on this fraction 
with, for instance, supercritical fluid chromatography (SFC). As far as the present work 
(d) 
ýa 
57 
is concerned, this procedure is not feasible due to three reasons: (i) the amount of 
material available is too small for such analyses; (ii) there is an upper limit for molecular 
weight determination which would result in a cut-of of the high molecular weight end; 
(iii) and it is rather time consuming, impracticable for the large number of samples to be 
analyzed here. 
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Fig. 4.13. Molecular size distribution of a UV-exposed PP sample according to 
O'Donnell et. al. [1994b]. The abscissa axis is related to the elution volume and the 
ordinate axis to the concentration. The antioxidant peak occurs at data point 400. 
The effect of exposure time on n and M, is shown in Fig. 4.14. For short-time 
exposures (ca. 9 weeks) the molecular weight dropped very rapidly to about a tenth of 
the initial value and then decreases slower. This is indicative that extensive chain scission 
may have occurred during UV irradiation with a consequent increase in the number of 
shorter chains. The polydispersity (ratio M, /M) decreased with exposure after an initial 
increase. This initial increase may mean that the chain scission occurred near the chain 
ends, that are defective sites due to the polymerization initiators. The following decrease 
of polydispersity shows that the bigger molecules are more damaged than the smaller 
ones [Kostoski et al., 1989]. For random processes of chain scission the polydispersity 
will eventually reach a value of 2 [Rabek, 1995]. Adams [1970] and Yoshii et al. [ 1995], 
however, obtained an increase in M, /M, ratio with UV exposure whereas Billiani and 
Fleishchmann [ 1990] reported a narrowing of molecular weight distribution after thermal 
degradation of PP. The cut-off of the lower molecular weight end may also play a part in 
the reduction of polydispersity. The decrease of molecular weight during PP 
photodegradation was reported by a number of workers [e. g., Adams. 1970; La Mantia, 
1986; Severini et al., 1988; Qayyum and White, 1989,1993a; Mani et al., 1994]. 
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Fig. 4.14. Effect of exposure time on K and M,, obtained from samples removed from 
the exposed surface. (a) unexposed; (b) 6 weeks; (c) 12 weeks; (d) 24 weeks. The inset 
shows the variation in polydispersity (M,, //Mu). 
The number of chain scissions per molecule (S) can be calculated using the 
following equation [Adams, 1970; La Mantia, 1986]: 
Mn 
S= ° -1 Mn (4.1) 
where Mn is the value for the unexposed sample. The results obtained for the LTV 0 
surface of PP are displayed in Fig. 4.15. For short-time exposure (3 weeks) there was 
less than one bond broken per molecule whereas the value increases to nearly 14 for 48 
weeks exposure. Obviously, the values are underestimated for long exposure times, 
according to the discussion above. If the number of chain scissions followed the same 
trend obtained for the carbonyl index, i. e., almost linear increase up to 36 weeks 
exposure, the dashed line would represent the true behaviour, without the problem of 
low molecular weight cut-off. 
Some experiments were carried out at other positions within the injection-moulded 
bars besides the exposed surface. These were at depths 0.2-0.4mm and 0.6-0.8mm below 
the surface (Fig. 4.16), and other positions for the sample exposed for 18 weeks (Fig. 
4.17). As expected, the molecular degradation occurred more rapidly on the exposed 
surface, due to the availability of oxygen. By going deeper into the sample, the induction 
time for a great reduction in molecular weight is increased. The difference between the 
surface and inner positions decreases with exposure, both because of increasing oxygen 
diffusion towards the interior and because the molecular weight at the surface layer 
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decreases less steeply. The results given in Fig. 4.17 are consistent with those in Fig. 
4.11 in which the degradation occurs more intensively on both exposed and unexposed 
sides while in the core the molecular weight is slighter lower than the virgin material. 
Similar results of molecular weight for the depth profile of PP photo degradation were 
obtained by O'Donnell and White [1994a]. 
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Fig. 4.15. Number of chain scissions per polymer molecule as a function of the exposure 
time. The dashed line represents an estimate of the trend based on the carbonyl index 
results, hence, without the problem of the low molecular weight cut-off. 
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Fig. 4.16. Effect of LN exposure on the molecular weight of samples removed from 
several positions within the moulding. The UV surface is equivalent to a depth 0-0.2mm. 
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Fig. 4.17. Molecular weight of 18 weeks exposed PP as function of the depth. The 
dashed line represents the value for the unexposed material, which was found to be 
nearly the same throughout the thickness [O'Donnell and White, 1994a]. 
On comparing the extent of degradation evaluated by carbonyl index and molecular 
weight, they are fairly consistent as seen by the depth-profile of degradation of the 
sample exposed for 18 weeks. However, since the two parameters are influenced by 
different aspects of chemical degradation, the magnitude of changes varies with the 
exposure time. For short-term exposure (up to 9 weeks) there is a great reduction in 
molecular weight and some increase in the carbonyl content. For longer exposures, the 
carbonyl index increases by about the same amount (until 36 weeks) whereas the 
molecular weight displays only modest changes. A possible explanation is that the 
carbonyl index is a parameter that reflects the total amount of chemical groups 
accumulated within the material since the beginning of the exposure. On the other hand, 
the magnitude of molecular weight change decreases as the exposure continues since 
lower molecular sizes are obtained. Consequently, the rate of degradation based on 
molecular weight (K and M, ) is apparently lower for exposure times longer than 9 
weeks. Accordingly, the number of chain scissions shows a trend more similar to the 
carbonyl index, since it is a parameter that reflects cumulative events. The other effect is 
that the GPC method discards the low molecular weight material and gives an 
overestimated value; this gets progressively worse with exposure time. 
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The correlation between carbonyl index and molecular weight reported in the 
literature vary widely. A comparable trend to the one observed here was registered by 
Adams [1970]. Severini et al. [1988] obtained a linear relationship between molecular 
weight and number of chain scissions, and carbonyl absorbance for the natural 
photodegradation of polypropylene, while La Mantia [1986] observed that the rate of 
carbonyl formation is ten times faster than chain scission. Vink [1979] observed that the 
viscosity average molecular weight decreased substantially (from 250000 to 4)000) 
during the induction period of PP photo degradation where minor changes in the carbonyl 
content were noticed. 
4.3.3. MECHANICAL BEHAVIOR AND FRACTURE 
The mechanical properties investigated in this study were tensile strength and 
maximum elongation. No significant variations in Young's modulus were detected and, 
therefore, will not be reported here. The effect of exposure time on the elongation and 
tensile strength are shown in Figs. 4.18 and 4.19, respectively. 
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Fig. 4.18. Effect of exposure time on the maximum elongation of PP. The inset shows 
the same data plotted with an expanded scale, appropriate to the long exposure time 
results. 
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Fig. 4.19. Tensile strength as a function of UV-exposure time. 
Before exposure, the samples drew considerably and exhibited an elongation of 
more than 500%. This is a usual characteristic of polypropylene and results from its 
semi-crystalline nature [Mills, 1986]. After 3 weeks exposure there was some reduction 
in elongation to less than 400%. Afterwards the material became fragile, with very low 
values of elongation. A common explanation for this is the breakdown of tie chain 
molecules [Kagiya et al., 1985; Tonkai, 1994] which hold together the amorphous and 
the crystalline fractions. The reduction in molecular weight also causes surface 
densification [Blais et al., 1972] leading to formation of cracks before or during tensile 
testing. The surface of an injection moulded PP bar is normally in compressive residual 
stress [Morales and White, 1988], which can reduce the rate of crack initiation [DeVries 
and Hornberger, 1989], but during weathering tensile stresses may develop at the surface 
[Qayyum and White, 1993b] enhancing the ability of crack formation. These two factors, 
namely the scission of tie molecules and formation of surface cracks, caused the great 
reduction in mechanical properties observed in Figs. 4.18 and 4.19. It is perceptible that 
the elongation vs exposure time curve displays 4 different stages (see also the inset in 
Fig. 4.18): 
" At low exposure times (up to 3 weeks) the material retains its ductility (stage I); 
" Between 3 and 6 weeks, the elongation drops drastically (stage II); 
" There is a recovery in this property from 6 until 12 weeks exposure (stage III); 
" The elongation drops slightly and linearly until 48 weeks (stage IT). 
It is speculated that stage I results from the small effect of chemical degradation 
during this period (see Figs. 4.10 and 4.14), producing a very thin degraded layer that is 
unable to nucleate cracks large enough to propagate rapidly into the undamaged material 
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underneath. The samples exposed for 3 weeks did not display visible surface cracks 
before tensile testing. During stage II the degradation goes deeper into the sample, the 
molecular mass drops drastically with a corresponding increase in crystallinity (see later). 
From Fig. 4.16, it is seen that the degraded layer is at least 0.2mm thick. This causes the 
"crack speed effect" pointed out by Schoolenberg [1988b], in which surface cracks 
propagate easily into the ductile material because: 
KIdb. 
ime 
> Kl 
ductile 
where KldbrinlQ is the stress intensity factor of the embrittled layer and Kl, 
ducMe 
is the 
minimum value for a steady state crack propagation. In stage II, therefore, cracks 
generated at the surface cause fast catastrophic failures, resulting in low values of 
elongation. This is very typical in a notch-sensitive polymer like polypropylene [Carlsson 
and Wiles, 1976]. The recovery in elongation characterizes stage III. This has been 
observed before by other researchers [e. g., Busfield and O'Donnell, 1979; Horrocks and 
D'Souza, 1990]. It is supposed that this recovery results from a very damaged surface 
layer that on deforming, forms multiple cracks that mutually unload, or even becomes 
completely detached from the underlying material (see Fig. 4.26 later) and hence is 
unable to transmit stress. At this point the cracks that have led to failure may have been 
generated in a layer underneath the surface which contains lower degradation levels. 
With further exposure (stage IV), the degradation goes deeper and deeper, leading to a 
state similar to stage II but in a deeper depth. The consequence is further reduction in 
elongation. It is possible that some recovery in elongation may exist within this stage 
[O'Donnell et al., 1994a]. This could be observed if measurements were made at more 
frequent exposure times. This has been reported by Mangus [1991] on PVC 
photodegradation. 
The tensile strength of polypropylene is much less sensitive to photo degradation 
but a considerable loss of strength was observed after extensive degradation (Fig. 4.19). 
A similar 4-stage analysis could apply here with the minimum in tensile strength in stage 
II occurring at 9 weeks. 
This 4-stage behaviour is not an artifact of test procedures or data scattering, since 
comparable trends for both elongation and tensile strength were observed in this work 
for many other materials and conditions (see the following chapters). A large reduction 
in mechanical properties during PP photodegradation was also observed by, e. g., 
McTigue and Blumberg [1967], Severini et al. [1988], Schoolenberg [1988a], Qayyum 
and White [1989; 1993a] and O'Donnell and White [1994a]. 
Scanning electron microscopy was conducted on selected samples after tensile 
testing. The moulded and fracture surfaces were inspected in an attempt to understand 
and support the mechanical behaviour results. After 3 weeks exposure the fracture 
surface showed a highly fibrillar elongation but considerable surface damage appeared on 
the side of the deformed sample (Fig. 4.20a). It is probable that the cracks, which lie 
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mainly perpendicular to the stress direction (Fig. 4.20b) were highly stretched by the 
deformation process. The cracks are apparently confined to a shallow surface layer and 
the material underneath remained ductile, seemingly not affected by surface cracks. This 
explains the high elongation of these samples. The back surface showed similar features2 . 
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Fig. 4.20. PP exposed for 3 weeks then tensile tested. (a) low magnification view, (b) 
higher magnification. 
2 Hereinafter the exposed swface of the bar is also called UV surface, and the unexposed 
surface is also called back surface. 
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Before tensile testing, samples exposed for 6 weeks did not show signs of 
deterioration that were visible under a 8x magnifying lens but after testing they exhibited 
a pattern of thin cracks perpendicular to the moulding (stress) direction (Fig. 4.21a) on 
both the exposed and back surfaces. This sample failed without drawing and the fracture 
surface was rather smooth, showing no fibrillation. The facture of this sample started 
near the corner, at the unexposed side (Fig. 4.21b). It is possible that during testing a 
critical flaw was formed at the unexposed face and propagated rapidly into the 
undamaged interior before necking could occur. 
(a) 
(b) 
Fig. 4.21. (a) Moulded surface of a specimen exposed for 6 weeks. (b) Fracture surface 
with the exposed side on the top. 
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The nucleation of fracture of polymers on the unexposed side rather than on the 
UV surface has been reported before [Qayyum and White, 1993a]. White and Turnbull 
[1994] suggested that it results from the depth-profile of degradation. According to 
them, the degradation is so rapid on the UV side that the oxygen is consumed within a 
very short distance from the surface whereas at the back side (lower UV intensity) the 
degradation is slower allowing the oxygen to diffuse deeper into the sample. This may 
result in deeper cracks, generated from the unexposed surface. An alternative 
explanation for the phenomenon is related to the injection moulding flow lines. It is 
anticipated that the cracks, both before and after tensile testing, follow the flow lines in 
injection moulded bars. Because the flow lines are stronger on the gate side of the 
sample, this causes more intense damage on the gate surface (i. e., the unexposed surface 
in the experiments reported here) than on the surface opposite to the gate (i. e., UV 
surface). This could be an explanation for the fracture being initiated on the back side 
(Fig. 4.21b). 
By exposing samples the other way round (i. e., with the surface containing the gate 
facing UV) the trend was confirmed, with the LTV surface (now the gate surface) 
displaying significantly more damage than the previous one (Fig. 4.22a). In addition, the 
unexposed side (not shown in Fig. 4.22) displayed a similar level of damage to the 
exposed face of the specimen in Fig. 4.21a, indicating that there is a front/back effect on 
surface cracks which might be related to the state of the sample prior to exposure. 
O'Donnell and White [1994a] obtained more damage on the UV side than on the 
opposite side for samples exposed for 6 weeks under uniaxial tensile stress. However, 
they did not specify which surface contained the gate. The fracture of the specimen of 
Fig. 4.22a showed multiple crack formation, and one of the areas from which the fracture 
apparently started is given in Fig. 4.22b. 
The surface of a sample exposed for 12 weeks revealed a curved pattern of cracks 
(Fig. 4.23a) with some similarity with the flow lines during the injection moulding. 
Before mechanical testing the surface of this sample was already visibly cracked along 
these contours though forming a less intensive pattern. Near the corner the number of 
cracks is lower and this also reflects the melt orientation that is lower next to the mould 
walls [Trotignon and Verdu, 1987a]. In that picture (Fig. 4.23a) the gate was located 
towards the top. The figure also shows that there is some evidence of material being 
detached from the bar. Similar observations of this detaching were reported by Sherman 
et al. [1982] on polycarbonate photo degradation and by White and co-authors [Qayyum 
and White, 1987; O'Donnell et al., 1994a] on the weathering of various polymers. At 
high magnification (Fig. 4.23b) it is seen that the cracks are very deep and some cracks 
grew in other directions. Fig. 4.23c shows that the unexposed surface contained a much 
higher number of cracks than the exposed one. Moreover, specimens exposed with the 
gate surface facing UV displayed more surface damage on their exposed surface. This is 
67 
consistent with the arguments on the back/front effect of the flow lines highlighted 
previously. 
(a) 
(b) 
Fig. 4.22. (a) UV surface of a specimen exposed for 6 weeks with the gate surface facing 
the LV source; (b) Fracture surface with the exposed side on the bottom 
(a) 
(b) 
(c) 
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Fig. 4.23. Moulded surface of a bar irradiated for 12 weeks then tensile tested. (a) 
exposed side. (b) higher magnification of the central part of (a). (c) unexposed surface. 
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An optical microscopy picture of an area close to the gate is shown in Fig. 4.24 for 
a sample exposed for 15 weeks. It is very clear that the cracks radiate from the gate, 
resembling the polymer melt entering into the mould cavity [White and Dee, 1974]. 
Schoolenberg [1988b] also considered the possibility of cracks being related to flow lines 
in injection mouldings though she did not carry out complementary experiments to 
confirm this idea. Further evidence of crack sensitivity to moulding effects will be given 
in chapters 5 and 6 where studies with compression moulded and double-gated 
specimens are described. 
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Fig. 4.24. Transmission light microscope image of a sample exposed for 15 weeks 
showing a detail of the gate region. This specimen was not tensile tested. 
The fracture surface of the sample shown in Fig. 4.23 is displayed in Fig. 4.25a. On 
the right-hand side there is featureless layer about 0.4mm thick that is present around the 
periphery of most of the surface, resembling a frame. This kind of frame-like pattern, 
which has also been reported by Wolkowicz and Gaggar [1981], is not related to the 
skin-core morphology of the starting material because it was also observed in injection 
moulded PP from which the surface had been removed prior to exposure (Fig. 5.19). 
Furthermore, the thickness of this layer was shown to increase with the extent of 
degradation [Schoolenberg, 1988b]. This part of the sample fractured in a brittle mode, 
owing to the fast propagation of surface cracks in a region with expected low 
concentration of tie chain molecules (recall that the molecular weight is rather low at this 
degradation time). Just beside this layer in Fig 4.25a there is band of ductile fracture 
shown in higher magnification in Fig. 4.25b, in which the fibrils increase in length from 
the surface side to the interior. The fracture surface of this sample contrasts with the 6- 
weeks exposed one (4.2lb). In the latter the fracture was smooth and fairly uniform, and 
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was initiated at the moulded surface with the surface cracks causing great mechanical 
deterioration. 
(a) 
(U) 
Fig. 4.25. Fracture surface of the specimen shown in Fig. 4.23 (12 weeks): (a) general 
view with the LN side on the top. (b) detail of a ductile region. 
Similar patterns to the one given in Fig 4.25a were observed by Schoolenberg and 
Meijer [1991], Qayylun and White [1993a] and O'Donnell and White [1994a] in PP 
photo degradation. Schoolenberg and Meijer explained that at the ductile region there is a 
slow crack propagation and a "crack arrest effect", resulting in higher fracture energy 
when compared with a less exposed sample. From Fig 4.25a it seems that the fracture 
was nucleated in an internal site, just below the ductile region. This is consistent with the 
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idea of a severely degraded surface layer that has little influence on the ultimate fracture, 
and could explain the recovery in maximum elongation in Fig. 4.18. More evidence is 
given in Fig. 4.26 where the extensive detaching in some areas of the moulded surface 
revealed a fairly smooth interior, indicating that the surface cracks have not nucleated 
ductile fracture in the underlying material. De Bruijn [1991] suggested that the 
nucleation of fracture in a position beneath the surface could be due to a highly oriented 
surface skin that is not easily embrittled. Again, the experiments (described in chapter 5) 
with compression-moulded PP and with specimens with surface layers removed before 
exposure showed that this is not a general case. 
,1 1. 
--- -q one"' ý, ýº- "" 
ý". 
_ 
- 
--- 'ý ---- _ -_ 
1w.: ß! 
Fig. 4.26. Detail of a region in the moulded surface of a sample exposed for 12 weeks. 
4.3.4. X-RAY DIFFRACTION 
This section contains results concerning X-ray crystallinity of polypropylene both 
immediately after exposure and after re-crystallization. Investigations in as-exposed 
samples were carried out for various distances from the exposed surface. Some 
comparison with DSC results as well as further discussion on the mechanisms of chemi- 
crystallization will be held in the following section. 
4.3.4.1. As-Exposed Samples 
X-ray diffraction analyses were done at several depths of injection moulded bars 
after UV exposure in an attempt to follow structural changes within the material. The 
positions and shape of the peaks in the diffractograms did not show any systematic 
variation, even for the samples exposed for 48 weeks (Fig. 4.27). This indicates that 
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photo degradation did not cause crystal transformations and that any new crystals formed 
during UV exposure grew with the same crystal lattice as the pre-existing ones. The 
relative intensity of monoclinic reflections did not show any systematic alteration with 
exposure either. The only significant change in the diffractograms was the height of the 
amorphous background, which reduced progressively with exposure, reflecting the 
increase of crystallinity. The degree of crystallinity was estimated according to the 
method by Weidinger and Hermans [1961], described in section 3.9. 
20 (°) 
Fig. 4.27. X-ray diffractograms of the exposed surface of polypropylene after several 
exposure times. 
Fig. 4.28 shows the effect of exposure time on the crystallinity of exposed (UV) 
and unexposed (back) surfaces. The crystallinity starts to increase after 3 weeks, and 
reaches a steady value after 18-24 weeks exposure. The two curves are rather similar in 
shape, though there seems to be a slight tendency for crystallinity reduction beyond 18 
weeks on the back side of the specimens. Before exposure the UV surface was less than 
50% crystalline, a value very common with a grade of high molecular weight PP 
submitted to relatively high cooling rates like those during the cooling cycle of the 
injection moulding process [Wenig et al., 1990]. Considering that sections of a long 
length polymer molecule participate in various crystallites, a polymer moulding is 
expected to contain a large number of entanglements and tie chains connecting the 
crystalline with the amorphous phase. These molecules are tethered and may be strained 
5 10 15 20 25 30 35 
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and therefore unable to crystallize under normal circumstances [Mandelkern, 1993; 
Wunderlich and Kreitmeier, 1995]. This is one of the main principles of polymer science 
[Mandelkern, 1964]. Although various theories exist to explain crystal formation and 
chain arrangements in semi-crystalline polymers, the concept of tie chain molecules is 
normally fully accepted [Bassett, 1981]. 
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Fig. 4.28. Evolution of crystallinity with exposure time on both surfaces. 
When a PP sample is submitted to ultraviolet irradiation, oxidative degradation 
takes place changing considerably the chemical nature of the material: (1) chemical 
irregularities are introduced into the polymer backbone and (2) the molecular weight is 
drastically reduced. The changes of these two parameters in the experiments conducted 
here were reported and discussed before (section 4.3.2). The trend of the curves in Fig. 
4.28 can be interpreted based on the extent of degradation. Up to 3 weeks exposure the 
degradation effect is not very large, with a small reduction in molecular weight (Fig. 
4.14). The crystallinity hence remains constant. With further exposure the samples 
experience a high reduction in molecular weight in parallel with an increase in the 
number of chain scissions per molecule (Fig. 4.15). There are reasons for expecting 
scission to occur preferentially at tie chains and entanglements [Bhateja, 1982], with 
consequent release of polymer molecules segments that can then rearrange into crystals 
[Winslow et al., 1963a; Blais et al., 1972]. This is the chemi-crystallization process, 
which takes place because the exposure was conducted above the glass transition 
temperature of polypropylene where much molecular mobility exists. 
The new crystals may grow within regions of the amorphous fraction and/or over 
the pre-existing crystals. The latter possibility is more likely since the existing crystals 
may act as nucleating agents for the new ones. In fact, the best nucleator for PP is 
incompletely melted PP crystals [Fillon et al., 1993a] (self-nucleation). Also, the growth 
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of crystals independently from the previous ones may increase the likelihood of obtaining 
distorted structures that could be detected by X-ray diffraction. It is suggested that the 
chemi- crystallization takes place by means of a kind of interface controlled processes 
[Schultz, 1974] in which segments of the freed molecules are attached to the existing 
crystallites following the same crystal lattice. The rate of this process is supposed to be 
determined by the rate of attachments of molecules to the interface and, since it takes 
place at low temperatures, may happen as soon as a chain scission event occurs. A 
contribution of diffusion of molecule fragments should not be relevant in this mechanism 
The crystallinity increased with the number of chain scissions but the other aspect 
of chemical degradation, namely the generation of chemical irregularities like carbonyl 
and hydroperoxide groups, also has some influence on this process. It is well known that 
the crystallinity of polypropylene is substantially reduced if the molecular regularity is 
reduced. This occurs, for instance, when a co-monomer is present [Cheng et al., 1995], 
with reduced tacticity [Janimak et al., 1992; Lehtinen and Paukkeri, 1994] or in blends 
with another polymer [Canevarolo and Candia, 1994]. Impurity groups attached to the 
main chain in replacement of the tertiary hydrogen (see the description of the mechanism 
of PP photo degradation in section 2.2.1) in fact reduce the overall regularity of the 
molecule and therefore a reduction in the crystallizability is expected. During 
photodegradation these two aspects compete in the process of changing the crystallinity. 
At short-term exposures the chain scission effect predominates over irregularities, and 
the crystallinity increases. At exposure times of more than 18 weeks the higher number 
of chemical defects in the chain prevents further crystallization. At this point, although 
the number of chain scissions continues to increase, the length of the released segment is 
probably short and full of impurities. 
Another aspect depicted in Fig. 4.28 is that the amount of change is rather similar 
for both exposed and unexposed surfaces. Based on changes in melting temperatures 
(see later), the two surfaces showed comparable extents of degradation despite the fact 
that the intensity reaching the exposed side is twice as much as on the back side. Besides 
the shape of the curves being very similar, the difference between the maximum values of 
crystallinity achieved is approximately the same as the difference between the initial 
values of crystallinity for the two sides of the samples (the surface containing the gate 
had a higher X, in the as-moulded state). This suggests that equal amounts of chemi- 
crystallization took place on both sides of the bars and that the amount of the remaining 
amorphous material depended on the initial crystallinity. Within certain limits, it seems 
that the chemi-crystallization is not limited by the amount of pre-existing crystals but by 
the chemical irregularities. In chapter 5 further evidence for this will be presented when 
the degradation of samples with different initial structures is studied. 
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The effect of exposure time on the crystallinity at other depths within the bars is 
given in Figs. 4.29 and 4.30. Fig. 4.29 shows the same trend as Fig. 4.28 with the 
increase in crystallinity associated with the reduction in molecular weight being observed 
also for a layer 0.2mm below the exposed surface. The link between the drop in 
molecular weight and the increase in X. is especially clear for a depth 0.6mm below the 
surface (Fig. 4.30). In that case the crystallinity remained virtually constant up to 24 
weeks and then rose sharply, coinciding with the drastic reduction in M,,,. The 
proportionality between the maximum value and the initial one was also verified in this 
case. Since the rate of degradation is significantly slower in the interior than at the 
surface, this observation is consistent with the suggestion that chemi-crystallization is 
limited only by chemical irregularities. More discussion on this will be found in the 
following chapters. 
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Fig. 4.29. Comparison between the change in crystallinity at the surface and 0.2mm 
below the surface. The inner picture is the corresponding change in M, 
Other results for the crystallinity of photodegraded PP are shown in Fig. 4.31 
which gives the depth-profile of crystallinity for selected exposure times. The 
ciystallinities of exposed samples are higher than the unexposed ones for all positions 
analyzed, except in the centre of the bar where the degradation is very slow due to 
oxygen starvation. 
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Fig. 4.30. Comparison between the change in crystallinity at the surface and at 0.6mm 
below the surface. The inner picture is the corresponding change in M, 
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Fig. 4.31. Degree of crystallinity as a function of the depth in injection moulded bars. 
The exposed surface is on the left of the depth axis. 
The use of X-ray diffraction to access the crystallinity of isotactic polypropylene 
during photo degradation was made by Mani et al. [1994]. Their compression moulded 
films were irradiated at 55°C and the crystallinity was followed over a period of 150 
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hours of exposure. The crystallinity increased with exposure time, after an induction 
time. In contrast to the observations in the present work, they reported an increase in 0- 
phase content with exposure. X-ray diffraction was also used to follow the crystallinity 
of PP during gamma radiation [Kostoski et al., 1988; Jayanna and Subramanyam, 1993b; 
Kostoski and Stojanovic, 1995] as well as with other polymers [e. g., Billingham et al., 
1976; Yoda et al., 1982; Bhateja et al., 1983; Yoda, 1984b; George and O'Shea, 1990; 
Zhao et al., 1993b]. 
4.3.4.2. Re-Crystallized Degraded Samples 
The re-crystallization of degraded PP samples removed from the exposed surface 
was conducted under nitrogen atmosphere in the DSC cell. The samples were initially 
melted and then cooled to room temperature at 13°C/min. These were the same 
conditions used in DSC analyses. Fig. 4.32 shows the diffractograms of selected samples. 
The most important changes caused by the degradation are the reduction of the intensity 
from (130) planes (centred at 20-18.5°) and the appearance of a peak at 20-19.5-20°. 
This latter was detected only for samples exposed for 18 weeks and longer, with an 
increase in the intensity with exposure time. 
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diffractograms (CulK) of PP samples after UV exposure and re- 
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As a polymorphic material, isotactic polypropylene can crystallize with several 
crystal lattices, namely monoclinic (a), hexagonal (ß), triclinic (y) and trigonal (b) 
[Addink and Beintema, 1961; Cheng et al., 1995]. More recent studies have suggested 
that the y-phase is in fact an orthorhombic phase rather than triclinic [Campbell et al., 
1993; Meille et al., 1995]. According to the diffractograms shown in Fig. 4.32 it is likely 
that the peak occurring at 19.5-20° corresponds to the y-phase, since it is the only one 
of the cited phases that shows a strong reflection at the corresponding range of 20 
(CuK,, ). Typical diffractograms of a- and y-phases are compared in Fig. 4.33. The main 
reflections of the y-form match very closely to reflections of the a-phase with the 
exception of that from the y-planes at 20= 19.5°. If both phases are present in the re- 
crystallized degraded samples, then the two diffractograms should be overlapped. This 
seems to have occurred with long-term exposed polypropylene. The consequence was 
the maintenance of the strong a-reflections at 14°, 17° and 21-22° and the appearance of 
the iy-reflection at 20= 19.5-20°. The y-phase does not present any strong reflection at 
around 18.5°, resulting in a decrease of the intensity of the (130) a-planes. It is evident 
from the diffractograms in Fig. 4.32 that the amount of y-phase increased and the content 
of a-phase decreased in samples recrystallized from material extracted from the surfaces 
of bars with exposure times longer than 18 weeks. 
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Fig. 4.33. Typical diffractograms of a- and y-phases of iPP [Kakudo and Kasai, 1972]. 
The y-phase in polypropylene has been studied by several groups [e. g., Lotz and 
Wittmann, 1986; Campbell et al., 1993; Schurz et al., 1993; Kalay et al., 1994]. In the 
past this structure was reported to be observed only in low molecular weight [Addink 
and Beintema, 1961], low tacticity [Turner-Jones et al., 1964] fractions of polypropylene 
as well as in random copolymers [Turner-Jones, 1971]. More recently it has been 
obtained with commercial, high molecular weight grades. Schurz et al. [1993] observed 
that the highest concentration of y-phase occurred at a depth of 0.6mm below the surface 
in 2mm thick injection moulded samples. These crystals were present together with a- 
10 20 30 
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and ß-crystals. The effect of pressure during isothermal crystallization on the y-phase 
content of PP was investigated by Campbell et al. [1993] using samples 99% isotactic 
and Mw 83000. They found that the content of y-phase increased with applied pressure, 
reaching high values at 200 MPa. Their investigations also revealed that a- and y-crystals 
are present in the same spherulite and also in the same lamellae. Kalay et al. [1994; 1995] 
did not detect y-phase in samples prepared by conventional injection moulding but they 
did detect it in samples (with M,, = 352000) prepared by shear controlled orientation 
injection moulding (SCORIM). The occurrence of this phase was attributed to the high 
orientation achieved with this moulding process. Paukszta et al. [1995] obtained y-phase 
when polycarbonate was added to PP and this blend was crystallized under high 
pressure. Alamo et al. [1995] prepared samples containing 95% of y-phase by high 
temperature isothermal crystallization (without pressure) using a grade with high 
molecular weight (Mw 335500) and relatively low isotactic content (90.8%). They 
argued that the presence of defects favours the y-phase crystallization. A similar type of 
conclusion was reached by Mezghani and Phillips [1995] in studies with PP copolymers. 
In the present investigation (Fig. 4.32) y-phase was obtained as a result of low molecular 
weight and/or low stereo-regularity since is was detected only in highly degraded 
samples, crystallized without external pressure. 
From the X-ray diffractograms the degree of crystallinity was determined following 
the same procedure described before and the results are given in Fig. 4.34 in comparison 
with as-exposed samples. Firstly, it is evident that the conditions of re-crystallization 
favours the development of much higher crystallinities than the injection moulding 
procedure for the unexposed polypropylene. This is probably because of the high cooling 
rate during injection moulding. The crystallinity increased initially with exposure time 
and then decreased sharply. This kind of behaviour can be associated with the chemical 
degradation. The same arguments presented before for the crystallinity of as-exposed 
samples could be applied here. The explanation was based on the idea that there is 
competition between two main effects of photo degradation (chain scission and build up 
of carbonyl and other impurity groups) on the development of the crystallinity in these 
samples. For short-time exposures, the reduction in molecular sizes dominates and 
favours crystallization whereas at longer times the presence of many extraneous groups 
in the molecules of highly degraded specimens render crystallization more difficult. The 
degree of crystallinity of polypropylene is well known to increase with reduction in 
molecular weight [Avella et al., 1993; Lehtinen and Paukkeri, 1994; Fujiyama, 1995] and 
to decrease with reduction in stereo-regularity [Cheng et al., 1991; Janimak et al., 1992; 
Lehtinen and Paukkeri, 1994]. The molecular structure of the degraded polypropylene 
analyzed here is somewhat comparable with PP random copolymers or with low tacticity 
in which the regularity is reduced. The results of in Fig. 4.34 for re-crystallized PP seem 
to be consistent with this idea. The decrease in the crystallinity of re-crystallized 
degraded polymers sometimes is assigned to crosslinkings that hinder crystallization 
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[Mukherjee et al., 1986; Byershtein et al., 1989] but there was no evidence of crosslink 
formation in these PP samples. 
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Fig. 4.34. Effect of photo degradation on the crystallinity of PP during exposure and after 
re-crystallization. All data obtained from the UV surface. 
A remarkable aspect of Fig. 4.34 is that the highly degraded samples are still able 
to reach high degrees of crystallinity, comparable with the as-moulded material. This 
presumably is the result of a strong influence of molecular weight on the crystallizability 
of the samples. Despite the fact that the molecules contain a high proportion of 
extraneous groups from the oxidative processes, the low molecular size increases the 
chance of attaining high crystallinities. Another aspect is the increase of the overall 
polarity with the presence of groups like carbonyl (C=O) which tends to favour polymer 
crystallization [Pospisil and Rybnikar, 1990]. The molecule segments within the crystals 
are virtually unaffected by degradation and, due to the breakdown of tie chains and fold 
surfaces (see next section), are transformed into small segments that, owing to the small 
sizes, may be highly crystallizable. The percentage of these molecules in the material 
even after complete degradation of the amorphous fraction may be nearly equal to the 
initial crystal fraction of the samples (ca. 47%). These molecules may nucleate the a- 
phase whereas those molecules containing impurities (originally located within the 
amorphous fraction of the as-moulded material) may crystallize into the y-phase. 
Observations not very different from the results shown have been reported in the 
literature regarding the crystallization of polypropylene copolymers. In a recent review, 
Varga [1995] made the following comment about the crystallization of PP copolymers: 
"surprisingly, in spite of the random structure and high co-monomer concentration, the 
products were capable of crystallization" 
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4.3.5. DIFFERENTIAL SCANNING CALORI ETRY 
The use of DSC was adopted in this study as a means to access the polymer 
physical state in relation to the photo degradation. The technique was used extensively 
with all materials under investigation. Since the oxidation affects the material's thermal 
properties, the technique was found very useful to access the degradation effects on PP 
physical structure and crystallization behaviour. As described in section 3.11 the 
experiments consisted of three steps: first heating, then cooling and finally a second 
heating. The properties obtained from the tests will be labelled as Tmi and AR,,, for the 
melting temperature and enthalpy, respectively, of the first heating, and Ta and zH,, 2 
for the second heating run. The procedures to measure these parameters were also 
described in section 3.11. Unless otherwise stated, all measurements were conducted at a 
scanning rate of 13°C/min. Typical thermograms for the first and second meltings 
showing the effect of UV exposure on selected samples are given in Figs. 4.35 and 4.36. 
The several aspects of the thermograms will be discussed in the following sections. 
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Fig. 4.35. First heating thermograms of samples removed from the exposed surface. 
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Fig. 4.36. Second heating thermograms of samples removed from the exposed surface. 
4.3.5.1. Transition Temperatures 
The effect of exposure time on the melting and crystallization temperatures of the 
exposed surface of PP samples is shown in Fig. 4.37. The drop in melting temperature of 
polymers due to oxidation has been reported by a number of authors [e. g., Gee and 
Melia, 1970; Busfield and O'Donnell, 1979; Terselius et al., 1982; Blinov et al., 1989; 
Wen du and Shui, 1993; Zhong et al., 1993a]. Very few studies have involved the photo- 
oxidation of polypropylene [Mani et al., 1994]. It is normally accepted that the 
degradation, though taking place mainly in the amorphous phase, may also attack the 
lamellar fold surfaces [Bassett, 1981; Zoepfl et al., 1984a; Blinov et al., 1989]. This 
causes an increase in the surface free energy of the crystals (6e), resulting in a reduction 
of the melting temperature [Zoepfl et al., 1984b; Byershtein et al., 1989], according to 
the equation of Hoffman and Weeks: 
26 
Tm = Tm'(1-1AH' (4.2) 
where TM is the equilibrium melting point, I is the crystal thickness and AH the melting 
enthalpy of the crystals. From Fig. 4.37 it is apparent that the rate of decrease in Tmi is 
reduced for exposure times longer than 24 weeks. This could be related to the decrease 
in the rate of chemical degradation (see Figs. 4.10 and 4.14) or to the partial exhaustion 
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of the number of fold surface sites available for reaction. The crystalline phase may 
eventually reach a state like that shown in the scheme of Fig. 2.8c in which extensive 
degradation destroys completely the fold character of the crystals. Papet et al. [1987] 
and Blinov et al. [1989] pointed out that the decrease in the melting temperature can be 
due to disruption of order but this may not apply here because there was no strong 
evidence of reduction in crystallinity during photo degradation. 
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Fig. 4.37. Melting temperatures of PP samples removed from the exposed surface. The 
inset picture shows the effect on the crystallization temperature. 
The second melting temperature reflects more precisely the effect of degraded 
molecules on the crystalline phase formation. The recrystallized material contains 
molecules that are both smaller (due to the chain scission processes) and defective (due 
to the presence of groups like carbonyl and hydroperoxides) hence a reduction in the T. 2 
with exposure time is observed. Again, comparison can be made with undegraded, low 
molecular weight polypropylene and PP with low stereo-regularity. It is well documented 
that the melting temperature of PP decreases with reduction in molecular mass [Kamide 
and Yamaguchi, 1972; Lehtinen and Paukkeri, 1994], with random copolymerization 
[Monasse and Haudin, 1988; Oliveira and Hemsley, 1985], and with increase in stereo- 
irregularities [Keith and Padden, 1964a; Cheng et al., 1991; Janimak et al., 1992; Alamo 
et al., 1995]. The drop in T., 2 can also be explained with reference to equation 4.2, 
where OH decreases (see later), ße increases and l decreases with exposure (following 
the trend of PP with low stereoregularity [Rodriguez-Arnold et al., 1994] ). The 
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equilibrium melting points of these recrystallized samples were found to decrease with 
exposure, as discussed in chapter 8. 
The variations on Tml and T,, 2 can be also analyzed from the thermodynamic 
relation: 
AH 
Tm = 
AS (4.3) 
where AH is the melting enthalpy of the crystals and AS the melt entropy. For the as- 
exposed samples, AH is maintained nearly constant (see later) and the entropy increases 
with exposure (lower molecular masses). For the re-crystallized samples, AH decreases 
and AS increases with exposure. Thus T,, 2 is more sensitive to degradation than T,,,,. The 
above equation also explains the increase in Tm that sometimes is observed with 
polyethylene submitted to y-degradation [Zoepfl et al., 1984b; Byershtein et al., 1989] as 
due to crosslinking that decreases the melting entropy. 
From the inset in Fig. 4.37 it is seen that the crystallization temperature, Tc, 
decreases linearly with exposure. This also results from the lower molecular weight and 
higher irregularities that cause a reduction in the overall rate of crystallization with 
temperature [Martuscelli et al., 1983; Janimak et al., 1991]. The decrease in the non- 
isothermal crystallization temperature of PP has also been observed by Minkova and 
Sodeva [1995] and by Bulfield and O'Donnell [1979] for gamma-radiation degradation 
and by Mani et al. [1994] for photodegradation. In comparison with Tm the magnitude of 
changes in T, was fairly low. This property seems to be less sensitive to the molecular 
structure and size, as also observed by Phillips et al. [1994] and Mani et al. [1994]. The 
isothermal crystallization studies (chapter 8) indicated that the chemical irregularities and 
molecular size may affect differently the rates of nucleation and growth, making this 
property less sensitive to chemical degradation. 
A question to be considered here is whether or not Tm is a suitable parameter to 
assess the chemical degradation. In principle, Tml reflects the effects of photo degradation 
on the crystalline phase that may or may not be representative of the effects on the whole 
material. The rate of degradation may be higher on the fold surfaces because these 
molecular segments are under strain, increasing their vulnerability to oxidation [White 
and Rapoport, 1994]. On the other hand, the access of oxygen to the fold surfaces may 
be difficult when the lamellae are closely connected in a layered or cross-hatched 
structure. Furthermore, the crystals formed during exposure are probably highly 
defective, contributing to the shifting of the melting peak to lower temperatures. In 
principle, therefore. Tiu, can give only a rough indication of the extent of degradation. 
Tu12 may be a better parameter to evaluate the extent of chemical degradation because it 
is more sensitive both to molecular mass and irregularities, and is supposed to be equally 
affected by the changes in amorphous and the crystalline phases during exposure. 
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The relationship between the carbonyl index and the melting temperatures of 
exposed samples is displayed in Fig. 4.38. There appears to be two ranges of 
dependencies: for short-term exposure (range I) the melting points are very sensitive to 
chemical irregularities whereas for longer exposure times (range II) Tm becomes less 
dependent on the chemical degradation. The reasons for the observed change in 
dependence can be only speculative. For the first melting, the transition to range II may 
be due to the reduction in the availability of fold surfaces for reaction. The degradation 
of the crystalline phase levels off while degradation continues in the amorphous fraction, 
and the carbonyl index still increases. On the second melting run the crystallization 
characteristics determine the transition from region I to II. In region I, T,,. 2 decreases 
sharply as exposure time increases because there is a drastic decrease in MW and an 
increase in the carbonyl index. With further exposure the molecular weight shows just a 
slight change and most of the contribution to T,, ý decrease comes from the chemical 
irregularities effect. Fig. 4.3 8 also shows that the correlation of T,,, 2 to the carbonyl index 
is better than Tml, which supports the arguments highlighted above that Tm2 is a better 
parameter to represent chemical degradation. 
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Fig. 4.38. Relationship between carbonyl index and melting temperatures. Data obtained 
from the exposed surface. 
The effect of photodegradation on the second melting temperature in other 
locations within the samples are shown in Figs. 4.39-4.41. From Fig. 4.39 it is evident 
that the drop in Tnj: is a diffusion-controlled process in which the degradation rate is 
higher near the moulded surface. This kind of behaviour is rather similar to the effect of 
exposure on M,, (Fig. 4.16) and therefore supports the use of T,, as a guide to the 
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chemical degradation. Further evidence for this is shown in Fig. 4.40, where the depth- 
profile of degradation based on T,,, 2is remarkably similar to the depth-profile for M, 
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Fig. 4.39. Melting temperature in several positions within an injection moulded bar as a 
function of exposure time. 
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Fig. 4.40. Comparison between the depth profile of degradation of a 18 weeks exposed 
sample based on T., 2 (main graph) and M, (inset). 
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The comparison between specimens removed from the exposed and unexposed 
surfaces is shown in Fig. 4.41. The results are indistinguishable for most exposure times, 
except for short-term exposure when the back side displayed less degradation. Since the 
intensity of UV radiation is much higher on the UV side than on the opposite side, yet 
both surfaces presented similar extents of degradation, it is likely that the availability of 
oxygen, rather than ultraviolet intensity, controlled the rate of photo-oxidation of these 
samples. 
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Fig. 4.41. Effect of exposure time on T,. 2of the exposed and unexposed surfaces. 
Although the discussions above have indicated that the polymer melting point can 
be used as a parameter to describe chemical degradation, it is anticipated that the 
comparison of Tm among materials with different structure characteristics may not be 
straightforward. Aspects like the lamellar thickness and crystal orientation may influence 
the melting temperatures of degraded PP and, therefore, comparisons can be made only 
between series of samples with similar micro structures. This will be discussed later in 
chapter 5. The use of melting temperature to assess degradation was suggested before by 
Zoepfl et al. [1984b] and by Blinov et al. [1989]. 
4.3.5.2. Melting Enthalpy 
The effect of photo degradation on the first (AHm1) and second (OHS) melting 
enthalpies is given in Fig. 4.42. The curves show essentially the same features as those 
obtained by X-ray diffraction (Fig. 4.34): (1) an increase in enthalpy up to a maximum 
value for the as-exposed samples, and (2) an increase followed by a decrease in enthalpy 
for the re-crystallized material. However, the sensitivity of changes in AH,,,; seems to be 
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different from that in X-ray crystallinity of re-crystallized samples. This is evidenced in 
Fig. 4.42, where the relative changes of both parameters are plotted. 
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Fig. 4.42. Melting enthalpies for the first and second heatings as a function of exposure 
time. 
1.4 
1.3 
1.2 
aý 
d 1.1 
v 
aý 1 
0.9 
0.8 
0.7 
0.6 
T 
1ý 
\Y 
" X-ray crystallinity 
--o-- DSC enthalpy 
- o. 
0 10 20 30 40 50 
Exposure time (weeks) 
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extracted from the exposed surface. 
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The results shown in Fig. 4.42 are not a consequence of weight losses during the 
DSC scans. This was estimated after the first melting and only negligible losses were 
observed. A possible explanation for the discrepancy between the DSC and X-ray results 
is that the degradation causes a reduction in the melting enthalpy of the pure crystals in 
re-crystallized samples due to the incorporation of defects into the crystals. This is 
supposed to be similar to unexposed PP in which the equilibrium melting enthalpy 
decreases with an increase in the irregularities within the molecules [Cheng et al., 1991; 
Janimak et aL, 1992]. The explanation above is in partial agreement with Qing et al. 
[1991], who reported that the X-ray crystallinity was unchanged and the DSC enthalpy 
decreased with cross-linking density in polyethylene. They suggested that the regularity 
of the crystals changes, rather than the crystallinity. More recently, Vaughan and co- 
authors [Vaughan and Stevens, 1995b; Vaughan and Sutton, 1995] observed that the 
melting enthalpy of PEEK decreased to zero after electron irradiation but electron 
microscopy and X-ray experiments revealed that the crystals were almost unaltered by 
degradation. They speculated that the DSC results reflected changes in the 
thermodynamics of the process. 
From DSC and X-ray diffraction data, values of enthalpy per gram of crystals were 
calculated as a simple ratio between the two parameters (OHm/Xc) [Bhateja et al., 1983; 
Kao and Phillips, 1986]. The results are displayed in Fig. 4.44. Although this is only a 
rough indication of the melting enthalpy for pure crystals, it supports the explanation 
given above. For the as-moulded samples the values are fairly similar with a small shift 
towards high values for long exposure times. This agrees with the explanation given by 
Bassett [1981] that the presence of extra groups on the crystal fold surfaces does not 
affect substantially the melting enthalpy. The re-crystallized ones showed a decrease in 
this parameter for short-term exposures followed by a steady value. This steady value 
may result from a limited amount of defects being incorporated into the crystals. The 
values of crystal melting enthalpy for unexposed PP reported in the literature vary 
widely, from 138 to 221 J/g [Varga, 1995]. 
The reduction in the enthalpy of re-crystallized degraded polymers has been 
reported by a number of workers [e. g., Busfield and O'Donnell, 1979; Fisher and Corelli, 
1981; Zoepfl et al., 1984a; Mukherjee et al., 1986; Aslanian et al., 1987]. The presence 
of defective molecules in the crystals is the most common explanation. 
Enthalpy measurements were also carried out in other positions of the injection 
moulded bar. The results showed features that corresponded to those obtained by X-ray 
diffraction and, therefore, will not be shown here. 
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Fig. 4.44. Variation in the ratio OH 1/X, with exposure time. 
4.3.5.3. Melting Thermo grams 
The thermograms of the first and second heating runs were given in Figs. 4.335 and 
4.36, respectively. On the first heating all samples displayed one peak only with the 
melting range increasing with exposure (Fig. 4.45) whereas on the second melting a 
double peak (or shoulder) appeared. The cooling run (crystallization) contained one peak 
only. 
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Fig. 4.45. Melting range (width at the half-height of the melting peaks) as a function of 
the exposure time. Data obtained from the exposed surface. 
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Thermograms of the first melting run 
It is well known that polymers normally melt within a relatively wide range of 
temperatures. This arises from the existence of crystals with different sizes and degrees 
of perfection as well as molecules with different sizes [Hay, 1979]. The increase in the 
melting range with photo-oxidation is probably due to the crystals created during 
exposure that are likely to be smaller and less perfect than the pre-existing ones because 
they were formed from small and/or defective molecules and, besides, in less favourable 
conditions (i. e., low mobility). This assumption is also based on the observation that the 
shape of the curve for the melting range vs exposure time for the first melting is 
remarkably similar to the corresponding Xc vs time (Fig. 4.45 c. £ Fig. 4.34), with an 
induction time and a steady value achieved after 18-24 weeks exposure. Thus the 
variation in the melting range is likely to be connected to the starting and finishing of the 
chemi- crystallization. 
Another explanation for the increase in melting range with degradation would be 
an uneven attack on the crystal fold surfaces, leaving the crystals with different degrees 
of damage and hence a range of melting points would be shown. However, a closer 
inspection of the thermograms in Fig. 4.35 indicates that the broadening of the melting 
took place on the lower temperature side only. The shape of the high temperature side is 
rather similar for all samples with a shifting towards lower temperatures. This appears to 
eliminate the second explanation for the increase in the melting range since otherwise the 
broading would occur on both sides of the thermogram. The broadening of the melting 
peak on photodegraded LDPE has been observed by Komitov et at [1989] and by Sebaa 
et al. [1993]. Both suggested this was due to small crystals created during degradation. 
In contrast, Blinov et al. [1989] reported that the melting range of PP decreased after 
oxidation but a decrease in the crystallinity was also observed. They explained that the 
oxidation destroyed the smallest crystallites, narrowing the melting peak. 
In many DSC studies of polymer degradation double peaks were obtained during 
the (first) heating scan [e. g., Fisher and Corelli, 1981; Zoepfl et at, 1984a; Kostoski et 
al., 1989; Scheirs et al., 1991b; Kawano and Soares, 1992; Horrocks et al., 1994b]. In 
general, this was attributed to the melting of small crystals formed during the degradation 
[Aslanian et aL, 1987; Thong et al., 1993a; Buggy and Carew, 1994], re-organization 
during heating [Ryu et al., 1991; Zhao et al., 1993b] or crystal transformation [Ungar 
and Keller, 1980]. Other possible explanations are the decomposition of oxidation 
products or free radical reactions during heating [Zoepfl et al., 1984a]. 
The occurrence of single, rather than double peaks in this study can be understood 
in parallel with the crystal formation during exposure and the increase in melting range. 
In fact the new crystals generated during degradation are likely to exhibit lower melting 
points than the initial material. However, since the degradation and hence the subsequent 
crystallization is a continuous process, it not expected that at any particular exposure 
92 
time, there would exist a large population of crystals with similar Tm (different to the T. 
of the pre-existing crystals) that could contribute to the appearance of a second discrete 
peak in the thermogram. The first crystals produced during chemi-crystallization would 
have relatively high Tm whereas those produced later (ca. 24 weeks) would have low 
values of Tm. In principle, a crystal may be created (or thickened) for every chain scission 
event. Therefore, between these two extremes (i. e., starting and finishing of chemi- 
crystallization) a great number of crystals is formed with decreasing melting points and 
consequently an endothermic band, rather than a peak or shoulder, will be observed. This 
was perceived under different heating rates (3 to 20°C/min). 
Single melting peaks were obtained at all positions within the injection moulded 
bars and for all degradation times, with the exception of samples removed from a depth 
0.2-0.4mm and exposed for times longer than 18 weeks which displayed double peaks 
(or peak and shoulder) on the first heating run (Fig. 4.46). 
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Fig. 4.46. Melting thermograms obtained during the first heating run of selected samples. 
(a) 0.2-0.4mm layer from the exposed side 24 weeks; (b) 0.2-0.4mm layer from the 
exposed side, 36 weeks; (c) 0.2-0.4mm layer from the unexposed side, 36 weeks; (d) 
exposed surface of a sample with a 0.2mm layer removed before exposure, 24 weeks. 
The intensity of the subsidiary peak in Fig. 4.46 increased with exposure time, but 
its position showed little variation, with Tm in the range 137-139°C, regardless the 
exposure time. It is supposed that this peak is in some way related to the ß-phase of PP. 
There are several reasons for this speculation: 
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I. The highest concentration of ß-phase is in this layer (Fig. 4.3); 
2. The intensity of the peak was higher for a specimen removed from the back surface 
(Fig. 4.46), i. e., the surface containing the gate which is richer in ß-phase; 
3. A set of exposures was conducted with the gate surface facing UV. In this case the 
sample removed from the exposed surface (again, gate surface) displayed a more 
intense double endotherm. 
4. The double endotherm is not related to a diffusion effect, since samples which had a 
0.2mm layer removed prior to exposure also displayed double peaks on the first 
melting when irradiated for more than 18 weeks. Samples with 0.6mm removed 
before exposure (with no ß-phase in the exposed surface) showed only single peaks. 
The ß-phase of PP is known to be thermodynamically unstable [Meille et al., 1994] 
and some researchers reported that this phase can melt and recrystallize during the DSC 
experiment into the more stable monoclinic form [Garbarczyk and Paukszta, 1985; 
Varga, 1986; Rybnikar, 1991a; Fillon et al., 1993b] or into a more perfect ß-modification 
[Fujiwara, 1975; Varga et al., 1991; Shi et al., 1993]. This results in the appearance of a 
double melting peak in DSC thermograms. In all those works the PP used contained 
mainly ß-phase. In this work, however, only single melting curves were observed for 
unexposed specimens removed from the layer with higher content of hexagonal phase 
(depth 0.2-0.4mm), even when scanned at slower heating rates (ca, 1°C/min). The 
content of hexagonal phase is too low and the double peak was not detected possibly 
because the endotherm corresponding to the melting of ß-phase was superimposed by 
the exotherm corresponding to the formation of a-phase. This effect was considered by 
Alberola et al. [1995] for the smectic-monoclinic transformation. 
With degraded specimens the ß-a transformation is expected to be suppressed or 
reduced due to the presence of chemical irregularities within the molecules, resulting in 
melting of the two phases present in two discrete range of temperatures that are shown 
as double peaks in the DSC thermogram. Accordingly, double endotherms were 
observed only with highly degraded samples, and the intensity of the ß-phase peak 
increased with exposure time since a higher proportion of this phase was unable to 
recrystallize. If this explanation is correct, it is surprising that a depression of the melting 
peak of ß-crystals with degradation has not been observed. 
Thermograms of the second melting run 
During the second heating run, double endotherms were obtained for samples 
exposed for 6 weeks and longer (Fig. 4.36), with a peak or shoulder situated on the high 
temperature side of the thermograms. The intensity of the subsidiary peak was higher for 
the 6- and 9-weeks exposed materials and decreased for longer exposure times. The 
variation in melting ranges seems to follow this direction (Fig. 4.45). By applying the 
technique at different rates the double character of the melting endotherm became more 
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evident, as shown in Figs. 4.47 and 4.48. In both cases the crystallization step displayed 
one peak only for all materials. 
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Fig. 4.47. Melting thermograms (second run) of selected samples at a heating rate of 
6°C/min. The crystallization step was carried out at the same rate, i. e., 6°C/min. 
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Fig. 4.48. Melting thermograms (second run) of selected samples at a heating rate of 
3°C/min. The crystallization step was carried out at the same rate, i. e., 3-°C/min. 
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Numerous studies on virgin isotactic polypropylene reported the occurrence of 
double endotherms during DSC experiments. Many explanations were proposed, such as: 
presence of different crystal structures and/or morphologies [Kamide and Yamaguchi, 
1972; Santos Filho and Oliveira, 1993a; Shi et al., 1993], crystal transformation during 
heating [Rybnikar, 1991a; Varga and Toth, 1991; O'Kane et al., 1994], reorganisation 
during heating [Guerra et al., 1984; Fujiwara et al., 1987; Janimak et al., 1992], and 
segregation of molecules with low molecular weight or with irregularities that form 
crystals with lower Tm [Yan and Jiang, 1993; Duvall et aL, 1994; Canevarolo and 
Candia, 1994]. 
In the field of degraded polymers, single melting peaks of re-crystallized polymers 
have been obtained by Aslanian et al. [1987] after y-degradation of PE and by Mani et al. 
[1994] after photodegradation of PP. Hikmet and Keller [1987], on the other hand, 
obtained double endotherms with PE submitted to degradation by fast electrons. They 
used extraction techniques to prove that the double peaks were due to the presence of 
two crystalline species: a crosslinked fraction with low melting point and an 
uncrosslinked fraction with high melting point. This has also been demonstrated by 
Ungar [1980] on y-irradiated paraffins and by Kao and Phillips [1986] on PE crosslinked 
by dicumyl peroxide. 
In the current research it is speculated that the double melting peaks on the second 
heating runs may be due to one of the following reasons: (I) melting of crystals with 
different melting points, and (II) re-crystallization or re-organization during heating. The 
presence of y-phase may be related to double peaks only in highly degraded samples 
where this phase was detected and therefore will not be considered as a major 
contributor to the double endotherms. 
The first hypothesis (hypothesis I) is based on the assumption that different rates of 
degradation take place in the crystalline and amorphous fractions. The result would be 
two different populations of molecules: the more defective (and possibly shorter) ones 
that constituted the amorphous phase during exposure and the less defective ones that 
were formerly in the crystals. These two populations may segregate into different phases 
and exhibit two distinct melting points, like in many polymer blends [Puig et al., 1994]. 
Bassett [1981] argued that fractionation of both molecular sizes and regularity during 
polymer crystallization is often inevitable and it is more complex in copolymers. 
The second hypothesis (hypothesis II) considers that there is no different molecular 
species, i. e., the rate of degradation was the same in both amorphous and crystalline 
phases or there is no phase segregation. This is supported by the fact that the 
crystallization step showed only single peaks for a number of cooling rates applied. 
Degraded molecules form crystals in a non-equilibrium state that would undergo re- 
organization during the DSC experiment leading to double peaks. The increase in 
exposure time would decrease their ability for re-organization during the experiment 
because of increased defect content, hence less evident double peaks would be shown. 
I 
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In an attempt to investigate the reasons for the double melting peaks, two sets of 
experiments were carried out with material removed from the UV surface of a sample 
exposed for 6 weeks: (a) cooling at different rates and subsequent heating at 6°C/min 
and (b) cooling at a fixed rate of 13°C/min, following by heating at different rates. The 
general trends obtained with these samples were confirmed with others, exposed for 12 
and 24 weeks. The thermograms obtained are displayed in Fig. 4.49. 
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Fig. 4.49 Melting thermograms (heating rate= 6°C/min) of 6-weeks exposed samples 
obtained under different cooling conditions: (a) 2°C/min, (b) 13°C/min, (c) 60°C/min. 
For samples cooled at 13°C/min, other heating rates were (d) 1°C/min and (e) 13°C/min. 
The table inset contains the corresponding melting points. 
(a) Effect of cooling rate. Under hypothesis I, it is expected that an increase in the 
cooling rate should enhance co-crystallization. This would be reflected in a lower 
difference between the two melting points. Another effect would be an increase in the 
relative intensity of the peaks (lower Tm peak/higher Tm peak) with reduction of the 
cooling rate because the low temperature one, with a higher defect content, would be 
more sensitive to the crystallization conditions. Fig. 4.49 (table inset and curves a-c) 
shows that the second supposition was satisfied but not the first one. Under hypothesis 
II, it is predicted that the decrease in the cooling rate would enhance the crystallization 
of more stable crystals and hence an increase in the relative intensity of the peaks would 
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be expected [Varga, 1995]. It is also expected that the lower Tm peak increases with 
decreasing cooling rate, and that the higher Tm peak does not change since its position 
depends on the heating step only. Fig. 4.49 shows that both conditions were satisfied. 
(b) Effect of heating rate. Under hypothesis I, lamellar thickening is the more 
likely effect of decreasing the heating rate [Mezghani et al., 1994] but the relative 
influence on the two phases is not (theoretically) clear. Under hypothesis II, the increase 
in the heating rate reduces the time for re-organization and hence an increase in the 
relative intensity of the peaks is expected [Yadav and Jain, 1986; Bassett and Patel, 
1994]. This was observed by experiments (Fig. 4.49, curves d, b and e). According to 
Varga [1995], the change in the relative intensities of the peaks with changing heating 
rates is a strong indication that melting/re-crystallization processes are taking place. 
With the experiments described so far, it seems that the hypothesis of re- 
organization during heating is the more probable one for the mechanism of double peaks 
in photodegraded polypropylene. Another type of experiment was done for further 
clarification, which consisted of partial melting of the material at a temperature between 
the two endotherms (chosen at 158°C). After crystallizing by cooling at 13°C/min, the 
sample was heated at 6°C/min to 158°C and kept for 5 minutes at this temperature, 
cooled at 13°C/min, and finally heated at 6°C/min. Fig. 4.50 shows schematically the 
procedure described. If hypothesis I is true, then the thermal treatment would melt the 
low Tm crystals, and these would crystallize during cooling from 158°C. On subsequent 
heating both peaks would reappear. If hypothesis II is correct, then the time spent at 
158°C would lead to the development of the high temperature phase, and only single 
peaks would be obtained on the final heating. The thermogram obtained during the final 
melting is displayed in Fig. 4.51 in comparison with the original one. This experiment 
confirmed that re-crystallization during the DSC run is the more likely explanation for 
the double endotherms observed'. 
3 The experiments of isothermal crystallization described in chapter 8 gave evidence that 
molecular segregation does occur during isothermal crystallization conditions, and that 
this may lead to peak duplication in samples crystallized at high temperatures. 
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Fig. 4.50. Procedure for partial melting of PP exposed for 6 weeks. The two dotted lines 
correspond to the two maxima in the thermogram of a sample cooled at 13 then heated 
at 6°C/min. 
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Fig. 4.51. Melting thermograms of PP exposed for 6 weeks. (a) original trace obtained 
by cooling at 13°C/min then heating at 6°C/min; (b) after partial melting at 158°C. The 
inset shows the trace for a specimen fast heated to 158°C then heated at 6°C/min. 
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To discard possible effects of self-seeding after partial melting that would 
otherwise alter the melting temperature of the crystals, a final experiment was conducted 
on a sample crystallized at 13°C/min. This consisted of a fast heating (- 100°C/min) to 
158°C, followed by immediate heating from 158°C at 6°C/min. If hypothesis II is 
correct, then no peak would be observed during this final recording since little time was 
given for the re-crystallization to take place. This was observed and shown in the inset of 
Fig. 4.51. 
Experiments similar to those shown in Fig. 4.51 were carried out with PP exposed 
for 12 and 24 weeks. Comparable observations were obtained (Figs. 4.52 and 4.53). The 
peak (or band) shown before the main endotherm may be assigned either to incomplete 
melting of the original material or to melting of the material crystallized during cooling. 
The lower temperature peak was more intense in more degraded samples, in which the 
re-crystallization during heating may be limited by the large number of chemical 
irregularities. The increase in the melting temperature of the re-crystallized peak (shown 
in Figs. 4.51-4.53 is a result of an increase in lamellar thickness or crystal perfection 
caused by an annealing effect [Guerra et al., 1984; Rueda et al., 1984; Alberola et al., 
1995]. 
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Fig. 4.52. Melting thermograms of PP exposed for 12 weeks. (a) original trace obtained 
by cooling at 13°C/min then heating at 6°C/min; (b) after partial melting at 148°C. The 
inset shows the trace for a specimen fast heated to 148°C then heated at 6°C/min. 
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Fig. 4.53 Melting thermograms of PP exposed for 24 weeks. (a) original trace obtained 
by cooling at 13°C/min then heating at 6°C/min; (b) after partial melting at 142°C. The 
inset shows the trace for a specimen fast heated to 142°C then heated at 6°C/min. 
From the experiments described above there is little doubt that the observed 
double endotherm in DSC scans is due to re-organization during the experiment, and that 
the only phase initially present in re-crystallized samples is the one with lower melting 
point. At this stage two questions arise: (i) what type of change is taking place at the 
crystal (or morphological) level, and (ii) why the unexposed PP displayed only single 
peaks? 
The X-ray diffraction of the materials revealed that the a-phase was the only one 
present before and after the transformation (Fig. 4.54), therefore, the double peaks could 
not be assigned to ß-a [Rybnikar, 1991a; Fillon et al., 1993b] or smectic-a 
transformation [Vittoria, 1989; Alberola et al., 1995]. The gamma phase was present 
only in highly degraded specimens, thus will not be considered as a main cause for the 
peak duplication. As far as the a-phase is concerned, previous studies have suggested 
that the re-organization during scanning involves the melting of the pre-existing crystals 
followed by the formation of thicker and/or more perfect crystals [Mucha, 1981; Yadav 
and Jain, 1986; Janimak et al., 1992; Andreassen et al., 1995], resulting in the narrowing 
of the X-ray diffraction peaks [Passingham et al., 1990]. This was not evidenced in the 
present study (Fig. 4.54), but it is necessary to bear in mind that the small amount of 
material used in the experiment resulted in diffractograms too noisy to be conclusive. 
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Fig. 4.54. X-ray diffractograms of a re-crystallized sample exposed for 6 weeks. (a) 
before partial melting; (b) after partial melting at 158°C. 
Guerra et al. [1984] on the other hand, proposed that, upon heating, the a-phase 
transforms from a structure with random distribution of up and down helices in the unit 
cell (denoted (xl) to a structure (a2) with a uniform distribution of up and down helices in 
the unit cell, and that this transformation results in the formation of a double peak during 
the DSC heating experiment. They calculated the relative content of the two structures 
using an order parameter based on the area of the X-ray peaks located between 34.4° 
and 36° (for al) and 36.4° and 38° (for a2) in 28 (CuK,, ). In this region of the PP 
diffractogram the intensity is very low and, again, no reliable measurements could be 
done in the present study. 
Polarized light microscopy was carried out during heating in an attempt to reveal 
morphological changes. A specimen UV-exposed for 6 weeks then crystallized from the 
melt at 13 °C/min featured "mixed" spherulites (Fig. 4.55a) according to the classification 
of Keith and Padden (their classification is shown in Table 4.1). These spherulites 
possess regions of positive and negative birefringence which in turn reflect the relative 
concentration of radial and tangential lamellae. The birefringence of a spherulite is 
defined as the difference of refractive indexes along the radial and tangential direction: 
On=nr - nt (4.4) 
Binsbergen and De Lange [1968] suggested and Norton and Keller [1985] 
demonstrated that positive (type I) spherulites have a higher concentration of tangential 
lamellae whereas in negative (type II) spherulites the radial lamellae predominate. 
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Monasse and Haudia [1985] predicted that the spherulite is positive when the fraction of 
tangential lamellae is higher than 1/3. Fig. 4.56 shows a schematic representation of a 
spherulite containing both types of lamellae and their relative orientation. 
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Crystal structure a a a ß ß 
Sign of birefringence positive variable negative negative negative 
Crystallization temperature <134°C 134-138°C >138°C <122°C 126-132°C 
Table 4.1. Characteristics of PP spherulites [Keith et al., 1959]. The dependence with the 
crystallization temperature was reported to vary with the PP grade used [Norton and 
Keller, 1985; Varga, 1992]. 
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Fig. 4.55. Polarized light microscopy of a PP sample exposed for 6 weeks. The specimen 
was crystallized at 13°C/min (a), then fast heated (100°C/min) to 158°C. (b) at -152°C; 
(c) at 158°C ,0 min; 
(d) at 158°C, after 5 minutes at this temperature. 
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Fig. 4.56. Schematic representation of a spherulite with radial and tangential (cross- 
hatched) lamellae, according to Norton and Keller [1985]. 
When the spherulites shown in Fig. 4.55a were heated, the sign of birefringence 
changed to negative just before the temperature of partial melting was reached (Fig. 
4.55b). The change in birefringence of PP during heating has been reported by others 
[e. g., Padden and Keith, 1959; Idrissi and Chabert, 1986; Oliveira and Hemsley, 1985; 
Varga, 1992] and it occurs possibly due to melting of the tangential lamellae that are 
normally thinner than the radial ones [Norton and Keller, 1985; White and Bassett, 
1995], resulting in a higher concentration of radial lamellae. When the temperature 
approached 158°C there was a significant decrease in birefringence resembling a melting 
stage (Fig. 4.55c), and after some time at this temperature the spherulites reappeared 
with a negative birefringence (Fig. 4.55d). The spherulites thus obtained melted in the 
range of temperature corresponding to the main melting peak of Fig. 4.5 lb. 
The experiment described above seems to reveal that the process of re- 
organization during heating involves a melting stage, and that the new spherulites 
obtained had the same size and location of the previous ones, because of self-seeding 
effects [Varga et al., 1991; Fillon et al., 1993b] or simply because this transformation 
involves a continuous process of melting and re-crystallization at the lamellar level. Yet 
another possibility is that the change observed was in fact a solid-solid transformation, 
and the step shown in Fig. 4.55b was an intermediate structure with reduced 
birefringence. The experiment was simultaneously recorded with a video camera and, 
even after re-examining the progress of heating, it was difficult to conclude whether or 
not a true melting step had taken place. 
Morphological observations during heating were also conducted with the 
unexposed PP and with samples exposed for 12 and 24 weeks. The virgin polymer 
displayed a change in spherulite type (from mixed to negative birefringence) close to the 
melting but no further re-organization of the type shown in Fig. 4.55 was detected. This 
is consistent with the single peaks obtained during the DSC analysis of this sample. The 
specimens exposed for 12 and 24 weeks both showed a re-organization process similar 
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to the one for the 6 weeks sample though the transformation was less evident, and the 
(positive) birefringence did not change sign. Presumably, more degraded PP possesses a 
much higher concentration of tangential lamellae imparting a more positive character of 
birefringence that does not change sign upon heating. This agrees with Varga [1992] 
who noted that highly degraded PP produced only positive spherulites independently of 
the crystallization temperature. Moreover, one of the hypotheses for the lamellar cross- 
hatching in PP involves a deposition of patches of y-phase on the radial lamellae over 
which the tangential lamellae grow epitaxially [Padden and Keith, 1973]. In more 
degraded PP a higher concentration of y-phase is produced (Fig. 4.32) which may result 
in a higher probability of producing positive spherulites, even at high temperatures. 
From the morphological observations detailed above, it is evident that the peak 
duplication during the DSC analysis (in the second heating run) of degraded PP cannot 
simply be assigned to a change in the sign of spherulite birefringence. The crystals 
obtained on re-organization during heating are probably thicker and/or more perfect than 
the pre-existing ones, therefore, melt at higher temperatures. 
The other question posed above was why the unexposed material did not display 
double peaks during the DSC heating. The sample exposed for 3 weeks did not show 
peak duplication either. Two reasons may account for this observation. Firstly the 
unexposed (and the 3 weeks exposed) polymer have very high molecular weight hence a 
large number of entanglements that may hinder re-organization due to the low mobility 
[Rodriguez-Arnold et al., 1994]. Another possibility is that since the molecules of the 
undegraded polymer contain only a small amount of defects, they produce crystals too 
stable to undergo transformation. Accordingly, samples cooled at higher heating rates 
displayed double peaks (Fig. 4.57), because structures with a higher deviation from 
equilibrium are produced [Varga, 1995]. 
Finally, it is worth noting that although many workers reported the occurrence of 
double endotherms during the melting of degraded polypropylene, many of them did not 
attempt to explain the melting behaviour [Kostoski et al., 1989; Horrocks et al., 1994b; 
Mani et al., 1994; Manaf et al., 1995]. Some others suggested it was due to new crystals 
formed during exposure [Kostoski and Stojanovic, 1995], presence of different crystal 
species [Yoshii et al., 1995], or due to re-organization during heating [Mucha, 1981; 
Busfield and O'Donnell, 1979; Ryu et al., 1991] but none of them carried out specific 
experiments to support their interpretation. 
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Fig. 4.57. DSC heating thermograms (at 6°C/min) of unexposed PP crystallized at 
several cooling rates. 
4.3.6. OPTICAL MICROSCOPY 
The morphology of lightly exposed PP (up to 9 weeks) showed the same features 
as the as-moulded polypropylene when viewed in polarized light microscopy. For more 
degraded samples (12 weeks and longer) the powdering of the surface hindered the 
microtoming and the analysis could not be carried out. This section will report some 
observations by optical microscopy of re-crystallized samples, according to the 
procedure described in section 3.12. 
The effect of exposure time on the spherulitic morphology of re-crystallized PP is 
shown in Fig. 4.58. Due to the high viscosity of the virgin PP the re-crystallized material 
was not very thin and an overlapping of spherulites is apparent in (a). In (c) boundary 
cracking occurred possibly due to rejection of low molecular weight molecules and 
impurities [Knight et al., 1985; Varga, 1992]. The spherulite size increased with 
exposure time up to 12 weeks, then decreased for longer exposures. The size of polymer 
spherulites depends on the rates of nucleation and growth and these in turn are 
determined by the molecular weight and the chemical regularity of the molecules 
[Schooten et al., 1961; Phillips, 1993]. A decrease in the nucleation rate causes an 
increase in the spherulite sizes for samples exposed up to 12 weeks, and a drastic 
reduction in growth rate with chemical degradation may be responsible for the decrease 
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in spherulite sizes of highly degraded samples. Bassett [1981] pointed out that "if it is 
desired to grow large spherulites (. ) one has to heat the polymer sufficiently to cause 
slight degradation". Gahleitner et al. [1995] observed that the rate of spherulitic 
nucleation is significantly lower for a peroxide-degraded type of PP than for an ordinary 
type. 
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Fig. 4.58. Polarized light micrographs of PP samples after melting than crystallizing at a 
cooling rate of 13°C/min. (a) unexposed, (b) 6 weeks, (c) 12 weeks, (d) 18 weeks. 
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The spherulitic morphologies of Fig. 4.58 are very well defined for up 12 weeks 
exposure then become poorly identifiable with a grainy texture for longer exposures. 
This is believed to be a result of increasing defect content in the molecules causing 
changes in the growth mechanisms. The presence of two distinct spherulites (for (x and y 
phases) is not evident in Fig. 4.58. This was expected considering that the y-crystals are 
nucleated on the a-lamellae [Lotz and Wittmann, 1986], consequently, both phases are 
present in the same spherulite. 
A series of pictures were taken during the course of crystallization and selected 
ones are shown in Fig. 4.59. It is clear that conventional radial spherulitic growth 
occurred with the sample exposed for 6 weeks, but a sheaf-like growth mechanism took 
place on samples submitted to extensive degradation. A change in morphology of virgin 
PP with stereo-regularity was observed by Schooten et al. [1961]. Janimak et al. [1991] 
noted that the morphology of low isotacticity samples consisted of open and coarse 
spherulitic morphology. Scheirs et al. [1991a; 1991b] reported that oxidation changed 
the spherulitic morphology of polyethylene and poly(ethylene oxide) to sheaf-like 
axialites. In virgin polypropylene the growth of spherulites by means of sheaf-like 
embryos is observed when crystallized at high temperatures [Binsbergen and De Lange, 
1968; Norton and Keller, 1985] and the spherical shape is obtained by continuous 
branching and fanning [Bassett and Olley, 1984]. It was also suggested that fibrous 
crystallization of polymers is a consequence of atactic and other impurity molecules that 
are segregated to the intervening spaces of the growing fibrils and crystallize later, at 
lower temperatures [Geil, 1963; Keith, 1963]. Again, highly degraded PP could be 
considered as a material with a large amount of non-crystallizable species. Sheaf-like 
growth was also observed in y-phase spherulites of PP [Turner-Jones, 1971; Celli et al., 
1995]. 
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Fig. 4.59 Optical micrographs of PP samples during cooling at 13°C/min. (a) at 115°C 
(sample exposed for 6 weeks); (b) at 110.2°C (18 weeks); (c) at 104.5°C (48 weeks). 
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4.4. CONCLUSIONS 
The artificial photo-oxidation of polypropylene has been followed during up to 48 
weeks and the extent of degradation assessed by the content of carbonyl groups and 
molecular weight. These changes were related to the mechanical, thermal and structural 
aspects of the material, and the following conclusions can be drawn: 
1. The elongation and tensile strength are drastically reduced with exposure due to the 
breakdown of tie chains and the generation of cracks at the surface. The formation 
of surface cracks is related to the flow lines produced during injection moulding, and 
this may influence the ultimate properties and fracture mechanism of the component. 
The starting point of fracture depends on the extent of degradation at the surface and 
at the underlying layers. 
2. The increase in crystallinity during photodegradation is strongly correlated with the 
chain scission events and is probably limited by the chemical irregularities in the 
molecules. 
3. The degraded polymer may be considered as a random copolymer due to a great 
number of irregularities introduced by the chemical degradation. This assumption 
helps the understanding of many structure-related aspects of the material. 
4. The fold surfaces of the crystals are attacked by oxidation, resulting in a reduction in 
melting temperatures. The use of the second melting temperature (on re-melting) to 
represent the extent of degradation is preferable over the first Tm. 
5. The crystallization of degraded polymers from the melt depends on the relative 
importance of molecular sizes and irregularities; a change in the growth mechanisms 
and y-phase formation was observed for highly degraded samples. 
6. The melting behaviour is relatively complex, involving a single peak in as-exposed 
samples and double peaks in re-crystallized ones. The double peak was shown to 
result from re-organization of the a-crystals during the DSC experiment. 
5. EFFECT OF POLYPROPYLENE STRUCTURE ON DEGRADATION 
5.1. INTRODUCTION 
The structure and morphology of a semi-crystalline polymer like isotactic 
polypropylene are well known to be highly dependent on the processing type and 
conditions. Products obtained by injection moulding, for instance, feature a layered 
structure in which the skin shows very different characteristics from the core. This is due 
to the combined effects of shear during the mould filling stage and the gradient of 
temperature during the cooling stage [Bowman and Bevis, 1976; Katti and Schultz, 
1982; Nadkarni and Jog, 1984]. By varying the processing conditions, the magnitude of 
changes caused by the two effects above can be different. For instance, if the melt 
temperature is increased, it is expected that a decrease in the molecular orientation and 
an increase in the crystallinity will occur [Murphy et al., 1988; Wenig et al., 1990]. The 
most important aspects of the skin-core structure in injection moulded polypropylene 
have been reviewed briefly in section 4.3.1. 
In compression-moulded products the shear-induced effects are not as important as 
in injection moulded ones, therefore structural differences between the skin and the core 
of thick specimens arise mainly from the thermal effects. The morphology of 
compression moulded semi-crystalline polymers usually consist of equiaxial spherulites 
with sizes depending on the cooling rates applied after shaping or on the isothermal 
crystallization temperature [Nishimoto et al., 1986]. The lamellar thickness and size of 
spherulites are of crucial importance to the technological properties of polymers since 
they are correlated with the concentration of tie molecules. Inter-spherulite boundaries 
may be the path for fracture. 
Another way in which the polymer structure and morphology can be modified is by 
the incorporation of nucleating agents. Normally used in low concentrations (up to 
lwt%), these compounds increase the rate of crystal nucleation by acting as 
heterogeneous nuclei. It is well known that a pre-existing foreign surface within the 
polymer melt greatly reduces the free energy for the formation of a critical nucleus 
[Binsbergen, 1970; Galeski, 1995]. The most important consequences of the presence of 
these particles are the reduction in the crystal size and the increase in the non-isothermal 
crystallization temperature [Gachter and Muller, 1985; Zhang et al., 1994]. A number of 
studies have shown that nucleating agents also affect the crystal and molecular 
orientation [Rvbnikar, 1989; Fujiyama and Wakino, 1991b] as well as the crystal 
structure [Varga and Toth, 1991; Santos Filho and Oliveira, 1993b]. 
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The use of nucleating agents in polypropylene is particularly important owing to its 
low rate of crystallization. Injection moulding cycles can be shortened, increasing the 
industrial productivity. Common nucleants for polypropylene include: sorbitol derivatives 
[Kim and Kim, 1993], calcium carbonate [Kowalewski and Galeski, *1986], benzoic acid 
[Fujiyama and Wakino, 1991a] and aluminium benzoate [Paiz et al., 1993]. Talc is also 
among the most frequently used [Rybnikar, 1982; Menczel and Varga, 1983; Fujiyama 
and Wakino, 1991a]. Menczel and Varga [1983] pointed out that the increase in the 
crystallization temperature of PP is very sharp up to 1% talc added and that beyond this 
value, it has little effect. This agrees with the observation made by Rybnikar [1982] that 
only a small amount of talc is nucleation active in polypropylene. Moreover, it has been 
argued that high concentration of a nucleant causes agglomeration, lowering the number 
of effective nuclei [Kim and Kim, 1993]. Fillon et al. [1993a] developed a nucleating 
efficiency scale based on the rate of crystallization of non-nucleated PP (for the lower 
end of the scale) and self-nucleated PP (for the upper end). They reported that talc 
(lwt% concentration) had an efficiency of 32%. Binsbergen [1970] stressed that good 
nucleating agents for polyolefins are generally crystalline, insoluble in the melt, and 
containing rows of polar and nonpolar groups on its surface. In order to tailor the 
nucleant activity, sometimes surface treatments are carried out [Kowalewski and Galeski, 
1986; Rybnikar, 1991b]. A review on the general theory and mechanisms of 
heterogeneous nucleation of polypropylene has been published by Binsbergen [1973] 
and, more recently, by Galeski [1995]. 
In section 2.3 the literature concerning the effects of polymer structure on 
degradation was reviewed. It was mentioned that some workers found that the rate of 
degradation decreases with an increase in the degree of crystallinity and orientation, but 
others reported the opposite trend. Other aspects of polymer structure, like spherulite 
size may also affect the extent of chemical degradation and in many cases it was difficult 
to identify the main causes of mechanical weakness in polymer products. At least in part, 
the conflicting results and opinions that exist in this topic may be due to a limited range 
of experimental data available for comparison among different types of initial structures 
degraded under the same conditions. In a vast majority of studies found in the literature, 
just a few variations on the initial structure were investigated in a single study. In many 
cases the preparation procedure caused more than one structural characteristic to change 
and sometimes their effects on degradation were in opposite senses as, for example, 
when samples prepared with higher crystallinity possessed lower orientation. In other 
cases the variation in the initial structure was obtained by using grades with different 
molecular weights or co-monomer content, and these variations can affect the intrinsic 
weatherability of PP, regardless of its physical structure. 
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The aim of this chapter is to describe an investigation on the effects of 
polypropylene structure on the rate of photo degradation, and also on the inverse effect, 
namely on the effects of photodegradation on structure modification of polypropylene 
with different initial structures. To conduct this study, several different types initial 
structures were prepared, as follows: 
" By varying the mould temperature of the injection moulding process. Samples were 
produced using three different mould temperatures; 
0 By removing surface layers from injection moulded bars, exposing different 
morphologies. The thickness of the layers removed were 0.2mm and 0.6mm; 
" By preparing samples containing 0.5% talc that acts as a nucleating agent; 
" By preparing samples using compression moulding. Two cooling rates were applied. 
The results obtained for the types of specimens listed above will firstly be shown as 
separate studies (section 5.3) and then an attempt to correlate them will be carried out in 
section 5.4. 
5.2. EXPERIMENTAL 
5.2.1. INJECTION MOULDING 
Three different mould temperatures (20,40 and 60°C) were used to produce 
injection moulded bars with all other processing conditions the same as described in 
section 3.3. The samples were labelled as 20PP, 40PP and 60PP, respectively. 
From some of the 40PP samples, surface layers were removed prior to exposure in 
order to study the effect of the underlying morphology on the photodegradation. The 
removal was done on both sides by milling with a single point cutter, a procedure 
adopted frequently in the present work to obtain specimens for characterization. The 
thickness of the layers removed were 0.2 and 0.6mm, which, as shown in section 4.3.1, 
reveal respectively a surface rich in ß-spherulites and a surface with unoriented a- 
spherulites. The degree of crystallinity increased from the surface to the core. In some 
samples, the machined surfaces were polished to remove machine marks that would 
initiate cracks after exposure. 
For the production of bars containing 0.5% of nucleating agent, the polymer was 
firstly ground into smaller particles and then tumble mixed with talc (supplied by Aldrich 
with a reported size of the particles <10 . Lm). The mixture was then injected following 
the procedure described in section 3.3. Although it is known that injection moulding 
alone does not provide an intensive mixing of the components, the use of an additional 
mixing technique (like extrusion or internal mixing) was avoided because it would 
change the amount of chromophores within the matrix through thermal degradation 
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[Hinsken et al., 1991], and hence would alter the weatherability. The samples containing 
nucleating agent were labelled as NPP. 
The same conditions for UV exposure described in section 3.4 were applied here, 
and again the bar surface containing the tab gate faced away from the ultraviolet lamps. 
5.2.2. COMPRESSION MOULDING 
Compression moulded plaques (= 2.7 mm thick) were produced with a picture 
frame mould. Pre-weighed material with an excess of 10% to ensure a plaque free of 
voids was placed within the mould sandwiched between aluminium sheets (0.2mm thick). 
The assembly was then placed in an electrically heated press for 5 minutes at 200°C 
under a very slight pressure followed by 5 minutes at 10 MPa of applied pressure. After 
this time, one of two procedures was adopted: 
- the assembly was quickly transferred to a cold press and allowed to cool to room 
temperature which took about 20 minutes. The samples produced in this way were 
labelled as "NC" (for normal cooled); 
- the heat controls were switched off and the whole press allowed to cool to room 
temperature, which took about 5 hours. The samples were labelled as "SC" (for slow 
cooled). 
After the cooling was completed, a mark was made to identify the side in contact 
with the top platen of the press and the plaques were machined into strips 12.7 mm wide. 
The strips close to the mould boundaries were rejected in case the thermal conditions 
were different from the middle of the plaque. The side in contact with the top platen 
faced away from the UV source. 
Table 3.2 showed that the compression and injection moulded PP have similar UV 
absorption characteristics. 
5.2.3. CHARACTERIZATION 
Specimens with different physical structures were characterized both before and 
after exposure, following the same procedures described in chapter 3. This is 
summarized in Fig. 5.1. The investigations contained in this chapter were restricted to 
the exposed surface. Recall that the injection moulded PP produced using a mould 
temperature of 40°C were fully characterized and discussed in chapter 4. This type of 
sample will be the basis for most comparisons that will be made in the present chapter. 
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5.3. RESULTS 
5.3.1. EFFECT OF INJECTION MOULD TEMPERATURE 
5.3.1.1. Initial Structure and Morphology 
Table 5.1 shows that the degree of crystallinity increased significantly with mould 
temperature, and the content of ß-phase on the exposed surface was nearly the same for 
all samples. 
Mould temperature Crystallinity (%) B-index A, lo orientation index 
20°C 41.3±0.6 0.12±0.01 0.42±0.01 
40°C 46.8 ± 0.8 0.16 ± 0.01 0.47 ± 0.00 
60 °C 52.8 ± 0.9 0.13 ± 0.02 0.50±0.01 
Table 5.1. Structural parameters as a function of the mould temperature obtained from 
X-ray diffraction measurements in the section 1 of the tensile bar (Fig. 3.3). 
The A110 orientation index, also shown in Table 5.1, was calculated using the 
following expression which is based on the peak intensities of the corresponding 
diffraction planes of polypropylene [Zipper et al., 1993]: 
Iiio 
5.1 Aiio = Illo +'Ill + I131+041 
This parameter characterizes the degree of fibre orientation of a-crystals and it was 
shown to be in qualitative agreement to the Herman's orientation function and with 
measurements of birefringence [Zipper et al., 1995]. Several other investigators used a 
similar index to investigate the effects of processing conditions on the orientation of 
polypropylene [e. g., Trotignon et al., 1982; Murphy et al., 1988; Fujiyama, 1992b]. In 
the present study this index was sensitive not only to the effects of mould temperature 
but also to the distance from the gate, as will be described in chapter 6. 
The increase of orientation with increasing mould temperature was also reported 
by Murphy et al. [ 1988] and it can be interpreted in terms of the skin layer that solidified 
in contact with the mould wall. The lower the mould temperature the thicker the skin 
layer is expected to be [Oliveira and Hemsley, 1985; Fujiyama, 1995]. Unless the 
injection speed is very fast, this layer has low orientation because it is influenced by the 
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elongational flow which is less effective than the shearing forces that act on subsequent 
filling stages [Folkes and Russell, 1980; Katti and Schultz, 1982]. Consequently, the 
proportion of skin layer in the determination of the crystal orientation is lower in samples 
produced with high mould temperatures. This is consistent with the observation made by 
Scherpereel [1973] that fibrous structures below the skin layer were obtained in samples 
injected into a high temperature mould. The differences in orientation among the three 
types of samples were not detected by pole figure analysis. This technique revealed that 
their crystal orientation distribution did not change significantly with moulding 
conditions; they featured a weak equatorial orientation of the b-axis about the machine 
direction (Figs. 5.2 and 4.6). 
M71 
Fig. 5.2. (040) pole figures from the surface of PP injected at (a) 20 and (b) 60°C. The 
pole figure of the bar injected at 40°C was shown in Fig. 4.6. 
The skin-core morphology of microtomed sections cut perpendicular to the 
moulding direction showed essentially the same features as the one displayed in Fig. 4.7. 
The most significant difference among the samples was the thickness of the featureless 
skin which decreased with increasing mould temperature, an observation consistent with 
the explanation given above for the differences in crystal orientation. 
5.3.1.2. Extent of Degradation 
The effect of mould temperature on the carbonyl index and molecular weight of 
exposed polypropylene is indicated in Figs. 5.3 and 5.4, respectively. No significant 
differences is observed among the three types of samples before 12 weeks exposure, but 
for longer exposure times the 40PP samples clearly displayed less degradation than the 
other types. The carbonyl index was higher for 20PP than for 60PP but no differences 
between these two types of samples were detected from the molecular weight results. 
The higher rate of degradation of 20PP bars was expected since these samples have the 
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lowest crystallinity and orientation. Conversely, the 60PP bars were supposed to have 
less degradation because both the crystallinity and orientation were shown to be the 
highest among the three types of samples. The structure-related factors that affect 
chemical degradation will be discussed in section 5.4.1. 
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Fig. 5.3. Carbonyl index as a function of exposure time for the exposed surfaces of bars 
produced using three different mould temperatures. 
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Fig. 5.4. Molecular weight as a function of exposure time for PP produced using 
different mould temperatures. 
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5.3.1.3. Mechanical Properties 
Fig. 5.5 shows that the tensile strength decreased with exposure. Following the 
trend of the carbonyl index and molecular weight, the results for the three types of 
samples were rather similar for exposure times up to 9 weeks and, afterwards, the 40PP 
bars displayed higher mechanical strength. Besides the rate of degradation, another 
aspect that may affect the mechanical properties of degraded polypropylene is the 
lamellar size, that is correlated with the concentration of tie chains. In this respect, it is 
expected that the higher the mould temperature, the larger would be the reduction in 
tensile strength because larger spherulites are produced. 
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Fig. 5.5. Tensile strength as a function of exposure time for injection moulded samples 
produced using different temperatures. 
The best maximum elongation performance was also shown by 40PP samples (Fig. 
5.6). Due to the low content of amorphous fraction, the 60PP samples in the as-moulded 
state fractured without drawing, hence giving much lower values of elongation than the 
other specimens (see also the inset in Fig. 5.6). After exposure, the cracks induced by 
photodegradation are likely to play the major contribution to the deformation mechanism 
and therefore, all three types of samples displayed elongations within the same order of 
magnitude. 
The analysis of the fracture surfaces of some of these specimens will be given in 
chapter 6 in comparison with bars containing weld lines. 
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Fig. 5.6. Effect of mould temperature on the maximum elongation of PP exposed to 
ultraviolet radiation. The inset shows the full range of elongation for 20PP and 60PP. 
5.3.1.4. X-Ray Diffraction 
As noted with the samples produced using a mould temperature of 40°C (Fig. 
4.27), the position of the peaks in the diffractograms of the 20PP and 60PP samples did 
not change with exposure. The degree of crystallinity, on the other hand, increased with 
exposure time, up to a maximum value after 12-18 weeks exposure (Fig. 5.7). The 
results shown agree with the interpretation given in section 4.3.4.1 that the chemi- 
crystallization process is limited by the chemical irregularities introduced in the molecular 
chains, since the absolute increase in X, was nearly the same for all three types of 
samples. From Fig. 5.7 it is seen that both 20PP and 60PP the bars exposed for 24 weeks 
apparently showed a slightly lower crystallinity than the ones exposed for 18 weeks. 
Although this has also been observed with other types of samples (see Figs. 5.20 and 
5.50), the possible deduction that it was due to crystal destruction after prolonged 
exposures may not be true, since a decrease in Xc was not systematically observed in the 
UV surface of 40PP samples exposed up to 48 weeks (Fig. 4.28). The apparent 
reduction in X, is small and may be related alternatively to simple scattering of results 
due to the test method or due to sample to sample variability. 
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Fig. 5.7. Effect of mould temperature on the crystallinity of exposed injection moulded 
PP. 
5.3.1.5. Differential Scanning Calorimetry 
DSC scans were conducted twice - on the as-exposed specimens and after re- 
crystallization. The values obtained for the melting temperatures are given in Table 5.2. 
As pointed out before, the second melting point is a better parameter to estimate the 
chemical degradation than the first Tm which may also be affected by the initial crystal 
sizes that differ with fabrication conditions. The values of Tml and T,, 2 decreased sharply 
with exposure time, particularly after 6 weeks, but there is not a clear picture of the 
effect of the injection mould temperature. It is likely that the technique is not sensitive 
enough to detect the small changes in extent of degradation among the three types of 
samples. 
First Melting Second Melting 
Weeks 20°C 40°C 60°C 20°C 40°C 60°C 
0 166.7 166.1 166.6 165.3 164.5 165.3 
3 166.2 165.9 166.4 164.4 163.7 164.4 
6 163.9 162.3 164.5 158.4 156.6 15 9.6 
9 154.9 156.6 155.2 149.5 150.1 149.9 
12 152.4 152.2 151.3 146.4 146.5 145.4 
18 145.1 145.6 147.6 140.1 141.3 141.9 
24 143 144.3 145.1 137.4 138.9 138.9 
Table 5.2. First and second melting temperatures (°C) of polypropylene produced using 
different mould temperatures. The standard deviation was generally less than 0.3°C. 
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The melting thermograms of the samples moulded at 20°C and 60°C showed the 
same characteristics as the ones prepared at 40°C (which were described in section 
4.3.5.3) with single peaks in the first melting and double peaks on the second run. Fig. 
5.8 shows the variation of the melting enthalpy with exposure time for the three types of 
samples under investigation. The trends obtained for 20PP and 60PP are slightly different 
from those showed by the X-ray crystallinity measurements (Fig. 5.7) in which the 
greatest rate of change appears later than 6 weeks exposure. The results shown in Fig. 
5.8, however, followed the general trend that the absolute change in enthalpy obtained as 
the result of chemi-crystallization was nearly the same for the three types of samples. 
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Fig. 5.8. Effect of exposure time on the melting enthalpy (first run) of polypropylene 
produced using different mould temperatures. The data points for the samples produced 
at 40°C were omitted for clarity (these results were shown in Fig. 4.42). 
The melting enthalpy for the second heating run is displayed in Fig. 5.9 for the 
three types of samples. The general trend was the same for all three moulding batches, 
with an initial modest increase in AHA followed by a steady decrease. The values 
obtained were quite similar for exposure times up to 9 weeks but for longer exposures, 
40PP samples showed higher values of enthalpy. This implies that the samples that were 
originally moulded with a mould temperature of 40°C recrystallize more completely than 
those that were moulded at other temperatures. Although this may be interpreted in 
terms of the concentration of chemical irregularities within the molecules (e. g. as given 
by the carbonyl index in Fig. 5.3, that is lowest in 40PP samples), the value of AHA is in 
fact a complex function of molecular weight, chemical irregularities and possibly also 
depends on the lamellar size. 
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Fig. 5.9. Second melting enthalpy as a fimction of the exposure time for PP bars 
produced using different mould temperatures. 
5.3.2. EFFECT OF LAYERS REMOVED BEFORE EXPOSURE' 
5.3.2.1. Initial Structure and Morphology 
By removing a surface layer of 0.2mm from an injection moulded bar, the new 
surface exposed shows a high concentration of hexagonal phase, according to the 
analysis carried out in section 4.3.1 (Figs. 4.2 and 4.7). The surface after removing a 
layer of 0.6mm, on the other hand, is characterized by monoclinic spherulites with 
practically no preferred crystal orientation (Fig. 4.6 and Table 5.3). The crystallinity and 
ß-phase content of these surfaces are shown in Table 5.3. 
Surface Crystallinity (%) B-index A110 orientation index 
As-moulded 46.8 ± 0.8 0.16 ± 0.01 0.47 ± 0.00 
0.2mm removed 50.4 ± 0.5 0.30 ± 0.00 0.44 ± 0.01 
0.6mm removed 52.5 ± 0.1 0.00 0.38 ± 0.02 
Table 5.3. Structural parameters of the surfaces at different depths as obtained by X-ray 
diffraction. 
'Part of this study was made jointly with L. Ogier. 
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5.3.2.2. Extent of Degradation 
The effect of photodegradation on the carbonyl index of the three types of samples 
is displayed in Fig. 5.10. It is apparent from the results shown that the polypropylene 
bars exposed in the as-moulded state displayed slightly more degradation than the other 
types of samples and that the ones with a 0.2mm layer removed showed the lowest rate 
of degradation. Although this trend is not very strong, it is worth listing several reasons 
that could account for these results: 
" The original samples have a featureless skin which probably contains a high 
percentage of amorphous material and is poorly oriented. This skin may have a 
higher rate of degradation and, therefore, would tend to increase the overall carbonyl 
index of the specimens (0.2mm thick) removed for FTIR analysis from the as- 
moulded samples; 
" The samples with a layer 0.2mm removed have a higher crystallinity at the exposed 
surface and somewhat comparable orientation to the as-moulded surface; 
" The rate of degradation may be different on the lamella fold surfaces according to 
the crystal lattice (monoclinic or hexagonal). 
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Fig. 5.10. Carbonyl index as a function of exposure time for the various exposed 
surfaces. 
The variation in molecular weight was also very similar for the three types of 
samples (Fig. 5.11) and, again, the as-moulded PP displayed slightly more degradation 
than the ones with layers removed. However, the variations among the samples were too 
small to permit any conclusive deduction to be made. 
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Fig. 5.11. Effect of exposure time on the molecular weight. Data obtained from the 
exposed surface 
5.3.2.3. Mechanical Properties 
Fig. 5.12 shows the effect of exposure time on the tensile strength of the specimens 
studied in this section. The bars with layers removed before exposure exhibited a sharp 
decrease in tensile strength after 6 weeks exposure, followed by a partial recovery in this 
property at 9 weeks. Possible reasons for this recovery have been discussed in section 
4.3.3. Further exposures caused a higher deterioration in tensile strength and the bars 
from which 0.6mm had been removed had only 20% of the original strength after 24 
weeks exposure. 
The maximum elongation of these samples is shown in Fig. 5.13. Before exposure, 
all types of samples necked and then displayed considerable drawing, with elongation at 
break in the range of 400-600%. After 3 weeks exposure the bars with milled surfaces 
broke without drawing whereas the ones exposed in the as-moulded state deformed to 
nearly 400%. Some recovery in elongation was observed for the three types of samples 
after 6 weeks exposure. For all exposure times analyzed, the elongation at break was 
highest for the bars exposed in the as-moulded state, followed by those from which 
0.2mm was removed. Those with 0.6mm removed displayed the worst behaviour. 
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Fig. 5.12. Tensile strength of PP with various exposed surfaces. 
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From Figs. 5.12 and 5.13 it is clear that the deterioration in mechanical properties 
of the bars from which surface layers had been removed was higher than that in the ones 
that were exposed in the as-moulded state. This occurred despite the fact that the latter 
displayed more chemical degradation. Three possible explanations are considered: 
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" Morphology effect. The mechanical properties of degraded polypropylene is highly 
dependent on the spherulite size. The preferential attack on the tie chains and 
entanglements during photo degradation causes weakening of the product because 
the remaining taut molecules then share a disproportionate amount of load 
[Schoolenberg and Vink, 1991]. As the concentration of tie chains decreases with 
increasing spherulite size, it is expected that their scission in the bars with 0.6mm 
removed will be particularly detrimental because the largest spherulites are present in 
the core region. The bars with a layer 0.2mm removed also have larger spherulites 
than the original surface and hence showed higher deterioration in tensile properties. 
" Machine marks effect. SEM analysis (section 5.3.2.4) showed that the machine 
marks produced by the removal procedure may provide sites for preferential 
oxidation and contribute to the formation of flaws that weaken the material. In fact, 
a pilot experiment done with a bar that had 0.2mm removed then was polished prior 
to exposure, showed that this sample displayed cold drawing after 3 weeks exposure, 
in contrast with the unpolished one that fractured without drawing. Although the 
machine marks effect seems to exist it is not the main (or the only) effect since there 
is a substantial difference in the properties of samples with 0.2mm and 0.6mm 
removed, both containing similar type of machine marks. Besides, for prolonged 
exposures (ca. 12 weeks) the surface cracks generated during photodegradation are 
very deep (see later), overwhelming the existing machine marks. Nevertheless, the 
samples with layers removed also displayed higher deterioration at these degradation 
times. 
" Thickness effect. The brittle surface layer that forms during the photo-oxidation of 
polypropylene is the main cause of reduction in mechanical properties [White and 
Turnbull, 1994]. The higher the thickness of this layer, the weaker is the material. 
Samples which had layers removed before UV exposure may have, for the same 
thickness of degraded layer, a lower proportion of (relatively) undamaged material 
underneath the surface when compared with the original samples. The consequence 
of this is a higher deterioration in mechanical properties. 
In an attempt to differentiate the thickness effect from the morphological effect, a 
set of bars with 1.6mm removed from one side only were exposed with the original 
(moulded) surface facing the ultraviolet source. Table 5.4 compares the properties with 
the other samples after 6 weeks exposure. Although the amount of data are insufficient 
to reach a definite conclusion, the results indicate that the thickness of the bar is far more 
important to the mechanical behaviour than its morphology. 
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Sample Tensile strength (MPa) Elongation (%) 
as-moulded 32.9 + 2.6 8.5 + 1.2 
0.6mm removed both sides 17.9 10.1. 4.0 ± 0.4 
1.2mm one side only, 
moulded surface facing UV 
16.2 + 0.7 4.4 + 0.2 
Table 5.4. Mechanical properties of specimens with various thicknesses after 6 weeks 
exposure. 
5.3.2.4. Scanning Electron Microscopy 
Unexposed, machined surface 
Fig. 5.14 shows that the procedure of removing surface layers causes intensive 
machine marks, even when carried out with a properly sharpened tool. Although these 
marks are very shallow and did not affect the mechanical properties of unexposed bars, 
they had some effect on the fracture mechanism of the exposed ones (see later). 
Fig. 5.14. An injection moulded bar after milling away the moulded surface. 
3 weeks exposed samples 
The exposed surface of a specimen with a layer of 0.2mm removed then exposed 
for 3 weeks is shown in Fig. 5.15a. It is apparent from the picture that the fracture 
followed a path along the existing machine marks. At higher magnification (Fig. 5.15b) it 
is seen that the surface cracks were more intense near the machine marks, an indication 
that there may be a preferential site for oxidation or crack generation. Fig. 5.15c shows 
that there was ductile material underneath the cracked surface. 
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(a) 
(b) 
(L) 
Fig. 5.15. Exposed surface of a bar from which 0.2mm had been removed, exposed for 3 
weeks then tensile tested. (a) low magnification of a region close to the fracture surface; 
(b) intermediate magnification; (c) high magnification. 
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Fig. 5.16 shows that the fracture of the specimen shown in Fig. 5.15 had probably 
initiated at the side that faced away the UV source. Possible reasons for this observation 
have been discussed in section 4.3.3. 
Fig 5.16. Fracture surface of the bar shown in Fig. 5.15. The exposed side is at the 
bottom. 
The samples which had a 0.6mm layer removed then exposed for 3 weeks, showed 
essentially the same features as the one which had a layer 0.2mm thick removed prior to 
3 weeks exposure. The deterioration on the exposed surface was somewhat lower (Fig. 
5.17), despite the fact that both types of samples exhibited similar extent of chemical 
degradation. 
Fig. 5.17. Exposed surface of a bar from which 0.6mm had been removed prior to 3 
weeks exposure (taken after tensile testing). 
130 
12 weeks exposed samples 
Affter 12 weeks exposure, the milling marks appeared to have less importance. Fig. 
5.18a shows the UV surface of a bar with 0.2mm removed before exposure. The pattern 
of surface cracks is substantially different from the one shown in Fig. 4.23 for the 
original bar. Instead of circular arcs resembling flow lines (as was found in the sample 
exposed with the moulded surface intact), the sample shown in Fig. 5.18a contained 
cracks lying in many directions. This is another indication of the importance of flow lines 
in crack generation during photo-oxidation. The removal procedure has probably 
extracted the region with the peculiar type of orientation that generated the pattern of 
circular cracks in injection moulded PP that was exposed intact. At higher magnification 
(Fig. 5.18b), it is apparent that the depth of cracks is higher than the machine marks, 
which are hardly seen. The sample with 0.6mm removed showed the same features. 
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Fig. 5.18. Exposed surface of a bar from which 0.2mm had been removed, after 12 
weeks exposure then tensile tested. (a) low magnification; (b) higher magnification. 
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The fracture surfaces of bars from which 0.2mm and 0.6mm had been removed 
prior to 12 weeks exposure are given in Fig. 5.19. Both surfaces featured a smooth band 
near the surface (called frame-like pattern in section 4.3.3), and a band of ductile material 
in an intermediate position between the surface and the middle of the fracture surface. 
Moreover, in both cases the fracture seems to have been initiated at an internal site, next 
to the unexposed side and just above the ductile region. These characteristics are very 
similar to the ones of the corresponding sample which was exposed intact (Fig. 4.25). 
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Fig. 5.19. Fracture surfaces of samples with (a) 0.2mm removed and (b) 0.6mm removed 
prior to 12 weeks exposure. The UV side is towards the top. 
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From observations in Fig. 5.19 it is deduced that the frame-like pattern is not 
related to the skin-core morphology of the unexposed injection moulded bar, since the 
sample exposed after a layer of 0.6mm thick was removed had only isotropic spherulites 
throughout the thickness direction. As discussed in section 4.3.3, the frame-like feature 
may be connected to the very fragile surface caused by the surface degradation. 
5.3.2.5. X-Ray Diffraction 
The X-ray crystallinities of the samples under investigation are given in Fig. 5.20. 
Following the same trend observed for other types of samples (Fig. 5.7), the crystallinity 
increased with exposure time up to a maximum value, related to the initial one. Again, 
this is consistent with the hypothesis that the chemi-crystallization process is limited by 
the chemical irregularities introduced in the polymer chain during photodegradation, and 
not by the amount of amorphous material still available. The bars from which layers were 
removed before exposure showed an increase in X, after only 3 weeks exposure, though 
the molecular weight did not drop significantly during this exposure time (Fig. 5.11). 
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A comparison between the change of crystallinity in samples from which surface 
layers have been removed before exposure with those from which the layers were 
removed after exposure is shown in Figs. 5.21 and 5.22. The important aspect of these 
results is that the maximum degree of crystallinity attained at each layer was nearly the 
same, despite the fact that the specimens with the layer removed before exposure showed 
significantly faster degradation (according to the insets in the corresponding figures). 
This suggests that the maximum crystallinity achieved during the chemi-crystallization 
process did not depend on the rate of degradation and strengthens the idea that it is 
strongly related to the initial crystallinity. The effect is particularly clear in Fig. 5.22 
where there is a much higher difference in the rate of degradation between the two 
conditions. 
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Fig. 5.21. Evolution of the crystallinity in a layer 0.2mm below the surface. The inset 
shows the variation in the molecular weight taken from a depth 0.2-0.4mm from the 
surface. 
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5.3.3.. DEGRADATION OF POLYPROPYLENE CONTAINING NUCLEATOR 
5.3.3.1. Initial Structure and Morphology 
Fig. 5.23 compares the X-ray difactograms of PP containing nucleator (NPP) and 
non-nucleated PP. There are some reflections due to the talc particles in the NPP 
diffractogram. Fig. 5.23c shows the curve for the pure talc used as a nucleating agent in 
the present work. The main difference in the polypropylene reflections between NPP and 
PP is a much stronger reflection from (040) planes in NPP samples. By conducting the 
diffraction measurement with the sample in other orientations (Fig. 5.24), it is shown that 
the polypropylene crystals in NPP have a strong orientation with the b-axis lying 
perpendicular to the moulding direction (normal direction), similar to the scheme shown 
in Fig. 4.5. The preferred orientation of b-axis to the normal direction was confirmed by 
pole figure analysis (Fig. 5.25). The high orientation of injection moulded polypropylene 
containing nucleating agents has been reported by a number of workers [e. g., Rybnikar, 
1989; Fujiyama and Wakino, 1991a]- it is suggested that it is due to the enhanced 
orientation in the polymer promoted by the presence of talc particles and also due to the 
high rate of crystallization of these materials, which prevents melt relaxation during 
cooling. 
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Fig. 5.23. X-ray diffractograms of PP (a) nucleator-added PP (b) and pure talc used as 
nucleating agent (c). 
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Fig. 5.24. Diffractograms of NPP from various directions as indicated in the inset. 
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Fig. 5.25. (040) pole figure from the surface of injection moulded PP containing 
nucleator. 
The X-ray crystallinity and DSC melting enthalpy of NPP and PP produced using 
the same injection moulding conditions are given in Table 5.5. Although the crystallinity 
of NPP was much higher than that of PP, the values of melting enthalpy were much more 
similar. This observation poses the question of which measurement technique best 
represents the effect of talc as a nucleator on the crystallinity of polypropylene. For the 
calculation of crystallinity of NPP based on the X-ray diffractogram, the area 
corresponding to the talc reflections at 20=9.4° and 28.7° were subtracted from the total 
area above the amorphous background. However, another strong reflection by the talc 
particles at 29=19° was very close to the reflections of the polymer and could not be 
subtracted. This may be a cause for an overestimation of the X-ray crystallinity. Another 
possible reason is that the shape of the amorphous background may change with 
orientation [Schurz et al., 1993] and this is not accounted for in the method of Weidinger 
and Hermans [1961] used in the present investigation. Many workers obtained similar 
crystallinities between nucleated and non-nucleated polymers [Fujiyama and Wakino, 
1991a; Khunova et al., 1988]. Table 5.5 also shows that the content of ß-phase crystals 
is much lower in NPP. This has been explained as due to a preferential nucleation of the 
a-phase by the talc particles [Varga and Toth, 1991]. 
Material Crystallinity (%) Melting enthalpy (J/g) B-index 
PP 46.8±0.8 101.2±2.1 0.16±0.01 
NPP 57.1 ± 1.3 102.7 ± 0.7 0.08±0.01 
Table 5.5. Crystallinity, melting enthalpy and B-index of NPP and PP obtained from the 
moulded surface of injection moulded bars. The value of melting enthalpy of NPP was 
corrected for the matrix concentration. 
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The light microscopy of the cross section of polypropylene containing nucleator is 
displayed in Fig. 5.26. The morphology is markedly different from the neat PP (Figs. 4.7 
and 4.8). The spherulites are much smaller and can hardly be seen. The polarized light 
microscopy (Fig. 5.26a) shows a highly birefringent skin layer about 0.4mm thick 
followed by another, thicker layer, then a narrow band appears near the centre of the bar 
which may constitute the unoriented core. The thickness of the oriented layer in 
nucleated PP is normally higher than in non-nucleated PP [Fujiyama and Wakino, 
1991c]. The reflection microscopy after permanganic etching (Fig. 5.26b) confirms that 
the morphology is very even throughout the thickness direction. The darker regions in 
Fig. 5.26b may be agglomerates of nucleant particles (as also seen by SEM). 
(a) 
(b) 
'ý fý 200ýýT11 
Fig. 5.26. Light microscopy of NPP. (a) in transmission, under polarized light; (b) in 
reflection, after permanganic etching. 
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5.3.3.2. Extent of Degradation 
The molecular weight and carbonyl index of irradiated polypropylene containing 
nucleating agent are shown respectively in Figs. 5.27 and 5.28, and compared with 
values for non-nucleated PP. The results for the molecular weight were indistinguishable 
for all exposure times investigated but the carbonyl indexes of NPP were slightly lower 
than the ones of PP. Although the values are too close to be conclusive, the factors that 
could account for differences in the rate of degradation between NPP and PP are: 
a) talc acts as a chromophore during photo degradation. Although this possibility has not 
yet been confirmed (or dismissed), it is believed that it is not relevant since the use of 
high concentration of talc as a filler enhanced the photostability of PP (chapter 7). 
b) higher orientation of NPP. This effect would tend to reduce the photodegradability 
due to lower diffusion rate of oxygen. 
c) degree of crystallinity. According to the discussion held before, it is likely that the 
crystallinities of NPP and PP are similar (based on enthalpy data). 
d) lower spherulite size in NPP. Mucha [1986b] pointed out that, due to a higher 
permeability of oxygen in the interspherulitic than in the intraspherulitic region, the 
thermal stability of a PP sample with large spherulites is higher than one with small 
spherulites. Moreover, Nishimoto and Kagiya [1992] observed that the concentration 
of hydroperoxide groups formed during exposure to y-radiation decreased with 
spherulite size. If this is also true for the photo-oxidation of PP, then the NPP samples 
would show higher rates of degradation. On the other hand, the lower the rate of 
crystallization, the more likely it is that chromophores are rejected by the growing 
spherulites and located at their boundaries [Kulshreshtha, 1992]. In NPP there may be 
a lower concentration of initiating impurities at the spherulite boundaries, where the 
oxygen is more accessible, than in the intraspherulitic region. 
e) UV absorption characteristics. Table 3.2 has shown that the absorption characteristics 
of NPP and PP are nearly the same. 
From the above, it is possible that the orientation was the main factor to 
differentiate the rates of degradation of NPP and PP. Previous studies on the effect of 
nucleating agent on the y-radiation degradation of PP has shown that the degradation is 
faster in samples with nucleators [Aziz et al., 1990; Kadir et al., 1992] whereas Yoshii et 
at. [1995] reported that the extent of photo degradation was higher in PP with nucleator. 
They attributed this effect to the higher number of radicals formed on the crystal surfaces 
of the nucleated specimens. 
139 
300 
250 
200 
150 
100 
50 
0 
Q ý- without nucleator 
-- o- - with nucleator 
05 10 15 20 25 
Exposure time (weeks) 
Fig. 5.27. Effect of nucleating agent on the molecular weight of UV radiated PP. 
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Fig. 5.28. Effect of nucleating agent on the carbonyl index of UV radiated PP. 
5.3.33.33. Mechanical Properties 
The tensile strength of NPP samples showed the lowest value at 6 weeks exposure 
to ultraviolet radiation (Fig. 5.29). There was a sharp decrease in comparison with 3 
weeks exposed bars and prolonged exposures showed higher values of this property. For 
most exposure times analyzed, the drop in tensile strength was higher in NPP than in PP. 
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Since the amount of chemical degradation was slightly lower for NPP, there may be 
another reason for the difference in mechanical properties. 
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Fig. 5.29. Tensile strength of NPP as function of exposure time. 
The concentration of tie chain molecules in NPP bars might be higher than in PP 
due to the smaller spherulites existing in NPP. Since the tie chains are load bearing, and 
they may be scissioned during degradative processes, the drop in mechanical properties 
has often been explained as due to the breakdown of these molecules [DeVries and 
Hornberger, 1989; Torikai et al., 1990b; Schoolenberg and Vink, 1991]. Accordingly, 
most results from the literature indicate that the tensile strength of degraded polymers 
increases with reduction in spherulite sizes [e. g., Pabiot and Verdu, 1981; Kagiya et at, 
1985; Torikai, 1994], which is opposite to the trend obtained in the present work (Fig. 
5.29). The poorer mechanical properties of y-irradiated PP containing nucleator was 
explained by Kadir et al. [1992] as due to a higher mobility of free radicals which migrate 
to the crystal boundaries, also causing a higher rate of degradation. 
Yoshii et al. [1995], on the other hand, claimed that the poorer mechanical 
behaviour of their nucleated samples after photo-oxidation was due to the lower 
concentration of tie molecules. It is believed, however, that the taut molecules in NPP 
(which might be present in higher proportion than in PP) are short and, since they are 
under strain, they may be more vulnerable to oxidation [Popov et al., 1981]. 
An alternative explanation is related to the skin-core morphology The cracks 
formed on the surface of NPP during photo degradation may be able to propagate during 
subsequent tensile testing more easily towards the interior of the bars since NPP contains 
\'eiy high orientation throughout the thickness direction. In fact, the notch sensitivity of 
PP increases with orientation below the surface [Trotignon and Verdu, 1987b, Murphy 
T 
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et al., 1988]. Another possibility is that the agglomeration of talc particles in NPP may be 
particularly detrimental to the mechanical properties due to stress concentration effects. 
The results for maximum elongation followed a similar trend as the tensile strength 
(Fig. 5.30). The as-moulded bars did not draw before fracture, probably due to the high 
orientation or due to the particle agglomeration, as shown by SEM in Fig. 5.31. 
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Fig. 5.30. Maximum elongation as a function of exposure time for NPP and PP. 
5.3.3.4. Scanning Electron Microscopy 
Fig. 5.26b showed dark regions on the cross section of PP containing nucleator 
that were assigned to agglomerates of talc. In Fig. 5.31a there is a large feature from 
which the specimen fracture probably initiated. At higher magnification (Fig. 5.31b) it is 
clear that the feature is formed by the aggregation of many small talc particles and that 
the whole piece showed poor adhesion with the surrounding matrix. In another region 
(Fig. 5.31c) it is seen that several holes were left behind during the fracture process. The 
large holes were probably occupied by agglomerates whereas the small ones have 
dimensions compatible to the reported size of the individual particles (<10 µm). The 
presence of these agglomerates in the as-moulded bars may be the reason for the low 
elongation of the unexposed samples and possibly one of the causes of weakness of the 
exposed material. As mentioned previously, the use of another technique to improve 
mixing of the polymer and nucleator was avoided in this research due to a possible 
change in the m, -eatherability by thermal degradation caused by another processing stage. 
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(a) 
(b) 
(c) 
Fig. 5.3 1. Fracture surface of unexposed NPP. (a) general view; (b) detail of the central 
area; (c) detail of the left hand side of (a). 
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The moulded surface of a bar exposed for 6 weeks then tensile tested is displayed 
in Fig. 5.32. The appearance is quite similar to the one of non nucleated material exposed 
for the same period of time (Fig. 4.21a), with a pattern of circular arcs, except that this 
surface seems to be more damaged than the one shown in Fig. 4.21a. The fracture 
surface of this bar was mostly smooth (Fig. 5.33), a common characteristic of brittle 
fracture. This is consistent with the low values of mechanical properties presented by this 
sample. 
Fig. 5.32. UV surface of a NPP bar exposed for 6 weeks then tensile tested. The 
intersection with the fracture surface is at the top of the figure. 
Fig. 5.33. Fracture surface of the sample shown in Fig. 5.32 with the UV surface on the 
bottom. 
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A very high surface deterioration was the characteristic of NPP bars exposed for 
12 weeks (Fig. 5.34). Very deep cracks were formed and it was observed that some of 
the degraded layer had become detached on both surfaces. The pattern of cracks 
followed the flow lines but many cracks in other directions can be seen. The unexposed 
surface appeared to be much more deteriorated than the one that faced the UV source 
(Fig. 5.34b). From this picture, it is apparent that the fracture surface was very irregular 
and some smooth areas (labelled with arrows) indicate that the cracks in the brittle 
surface propagated deeply into the interior. The fracture surface itself (Fig. 5.35) shows 
a ductile band beneath the frame-like pattern and the fracture was initiated adjacent to 
this ductile band with similar features to the non-nucleated PP (Fig. 4.25). 
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Fig. 5.34. NPP exposed for 12 weeks then tensile tested. (a) exposed surface; 
(b)unexposed surface, next to the fracture surface 
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Fig. 5.35. Fracture surface of the specimen shown in Fig. 5.34, with the exposed side 
towards the bottom. 
5.3.3.5. X-Ray Diffraction 
The X-ray crystallinity of polypropylene containing nucleator is shown in Fig. 5.36. 
Although the absolute values obtained may be overestimated, the evolution of Xc in NPP 
samples followed the same trend as PP, with the two curves almost parallel. The 
diffractograms of the weathered specimens were rather similar to the unexposed ones 
and no change in the relative intensities of the peaks was detected. This is an indication 
that even for these highly oriented samples, the crystals formed during exposure 
maintained the same overall crystal orientation. This observation supports the idea that 
the chemi-crystallized crystals grew over the pre-existing ones rather than by random 
growth within the bulk of the amorphous region. 
5.3.3.6. Differential Scanning Calorimetry 
The effect of exposure time on the melting temperatures of PP containing 
nucleator is given in Fig. 5.37. For the first melting run, the results were nearly identical 
to non-nucleated PP up to 12 weeks exposure. After longer exposures, NPP displayed 
higher values of Tml. The melting temperatures of the second run (Tm2) were higher for 
NPP samples for all exposure times. The difference in the carbonyl index between the 
two types of samples (Fig. 5.28) may not have been large enough to account for this 
difference. An alternative explanation is that since NPP has a much higher re- 
crystallization temperature (see Fig. 5.40) the crystals are more stable, despite the fact 
that they contain approximately the same amount of defects as the non-nucleated ones.. 
A higher T. 2 for PP containing nucleator 
has been observed before by Aziz et al. [ 1990] 
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during y-radiation degradation. They claim this was due to a higher crystallinity of PP 
with nucleating agent. 
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Fig. 5.36. Effect of exposure time on the crystallinity of NPP and PP. 
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Fig. 5.37. Melting temperatures of nucleator-added PP. (a) first melting; (b) second melting. 
The melting thermograms of degraded PP containing nucleating agent displayed 
single peaks on both first and second melting runs (the thermograms for the second run 
are given in Fig. 5.38). This contrasts with the non-nucleated polymer which showed 
double peaks on the second melting. It was shown in chapter 4 that the peak duplication 
observed in degraded polypropylene was due to re-organization during heating, and that 
it was more evident when the instability of the structure is higher (like those produced by 
fast cooling from the melt). Since the samples containing talc crystallized at much higher 
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temperatures than the unfilled polymer (see Fig. 5.40 below), a higher crystal stability is 
expected, preventing the re-organization of the a-phase during the experiment [Varga, 
1995], hence only single peaks are observed. 
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Fig. 5.38. Melting thermograms (second run) of NPP and PP exposed for 24 weeks. 
Note that the value of T,, 2 in NPP is intermediate between the main peak and the 
shoulder in PP without nucleator. 
The melting enthalpy of weathered NPP is shown in Fig. 5-39. An induction time 
of 6 weeks was observed and afterwards the enthalpy increased up to a maximum value 
after 18-24 weeks. Again, the difference between the initial and final values of enthalpy 
was rather similar among the two types of samples. 
The effect of nucleating agent on the crystallization temperature of degraded PP is 
shown in Fig. 5.40. Firstly, there is a considerable increase in the non-isothermal 
crystallization temperature of the unexposed PP with the addition of 0.5% talc. The 
increase in T, of polymers is generally the most important technological reason for 
adding nucleating agents to polymers because it leads to shorter processing cycles 
[Binsbergen, 1970]; therefore it is one of the main criteria to evaluate their efficiency 
[Fillon et al., 1993a]. The crystallization temperature of NPP started to decrease after 6 
weeks exposure but for all exposure times investigated, the T, of NPP was higher than 
the T, of unexposed PP. This shows that talc is an heterogeneous nucleator for PP even 
after extensive chemical degradation of the polymer. However, the difference in T, 
between NPP and PP seems to decrease with exposure time. It is possible that, with 
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increasing amount of chemical defects within the molecules, their ability to crystallize is 
reduced, even in the presence of heterogeneous nuclei. 
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Fig. 5.3 9. Effect of nucleating agent on the melting enthalpy of UV radiated PP. 
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Fig. 5.40. crystallization temperature as function of the exposure time for NPP and PP. 
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5.3.4. DEGRADATION OF COMPRESSION MOULDED POLYPROPYLENE 
5.3.4.1. Initial Structure and Morphology 
Polarized light microscopy of compression moulded samples revealed a spherulitic 
structure with sizes depending on the cooling conditions (Fig. 5.41). The specimens 
cooled in a cold press (labelled as NC) featured small spherulites close to the skin 
followed by larger spherulites towards the core (Fig. 5.41a). The samples prepared by 
slow cooling in the moulding press (labelled as SC) showed a transcrystalline layer at the 
surface, about 120-150µm thick, followed by very large spherulites with two distinct 
characteristics (Fig. 5.41b). The transcrystalline layer in compression moulded PP is 
likely to result from the contact with the aluminium sheet in the moulding assembly that, 
allied with the pressure acting during crystallization, promoted a high rate of nucleation 
of polypropylene spherulites, growing preferentially perpendicular to the substrate 
[Bassett, 1981; Varga and Karger-Kocsis, 1994]. Beneath the transcrystalline layer, two 
distinct types of spherulites can be seen (labelled as A and B). At higher magnification 
(Fig. 5.41c), it is apparent that the two characteristic features are sometimes present in 
the same spherulite. In other words, it seems that the spherulite started to grow under 
one type and continued under the other type of morphology. This type of morphology 
was detected by Oliveira et al. [1995] in samples produced by rotational moulding, when 
very slow cooling rates were applied. 
After surface etching, light microscopy showed essentially the same features as 
Fig. 5.41b with a mixture of two spherulite types (Fig. 5.42). The dark spherulite in the 
centre of the picture is probably an hexagonal type [Samuels and Yee, 1972; Aboulfaraj 
et al., 1993]. The concentric rings around its nucleus characterizes a type IV spherulite2 
[Padden and Keith, 1959; Norton and Keller, 1985]. This was the only ß-spherulite 
detected in the entire cross section analyzed, and it is not representative of the material 
morphology. It is possible that when the temperature was low enough to permit this type 
of crystal form the crystallization process was nearly complete. No evidence for the 
presence of ß-phase in compression moulded PP was found with X-ray diffraction. 
2 The classification for PP spherulites was given in Table 4.1. 
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Fig. 5.41. Polarized light microscopy of the cross section of compression moulded PP. 
(a) cooled in a cold press (NC); (b) slow cooled in the press (SC); (c) SC at higher 
magnification. 
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Fig. 5.42. Reflection light microscopy after permanganic etching of SC. 
The X-ray diffractograms of NC and SC samples are shown in Fig. 5.43. Both 
samples showed the presence of monoclinic crystals but no traces of ß-phase were 
detected. Moreover, SC samples gave a relatively low intensity of the (040) reflection at 
the surface. This may be related to the crystal orientation at the transcrystalline layer with 
their a* axes oriented preferentially perpendicular to the surface and their (040) planes 
perpendicular to the surface, with resulting weak intensity obtained by X-ray diffraction. 
Accordingly, when the X-ray diffraction was conducted below the moulded surface, a 
diffractogram typical of unoriented PP was obtained (Fig. 5.43c). 
In this section the effects of photo degradation on compression moulded PP will be 
compared with injection moulded PP produced using a mould temperature of 40°C. In 
Table 5.6 their crystallinities and enthalpies are shown. 
Material Crystallinity (%) Melting enthalpy (J/g) 
Injection (Tmould= 40°C) 46.8 ± 0.8 101.2 ± 2.1 
Compression, normal cooled (NC) 50.1 + 1.3 103.5 f 2.5 
Compression, slow cooled (SC) 62.1 ± 0.9 112.9 ± 1.9 
Table 5.6. Effect of processing type on the crystallinity and melting enthalpy on the 
surface of polypropylene bars. 
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Fig. 5.43. X-ray diffractograms of compression moulded PP. (a) NC, surface; (b) SC, 
surface; (c) SC, 0.3mm below the surface. 
5.3.4.2. Extent of Degradation 
The effect of UV exposure on the extent of chemical degradation of compression 
moulded PP is given in Fig. 5.44. The main graph shows that the carbonyl index of 
injection moulded PP was higher than the one for compression moulded samples at all 
exposure times. The differences between samples made using the two cooling conditions 
after compression moulding were almost indistinguishable with slightly more degradation 
for the NC samples. The effect of exposure time on the molecular weight was very 
similar for all three types of sample, especially after 6 weeks exposure. The SC samples 
displayed a larger drop in MW at 3 weeks exposure. Possible reasons for the lower 
carbonyl index of compression moulded PP will be discussed in section 5.4. 
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Fig. 5.44. Effect of exposure time on the carbonyl index of compression moulded PP. 
The inset shows the effect on the molecular weight. All data were obtained from the 
exposed surface. 
5.3.4.3. Mechanical Properties 
The mechanical properties of compression moulded PP submitted to ultraviolet 
radiation are shown in Figs. 5.45 and 5.46. The tensile strength of both NC and SC 
showed large reductions after 6 weeks exposure. At 9 weeks, some recovery in this 
property was observed with the NC material. At all degradation times, the injection 
moulded PP displayed better mechanical properties than the compression moulded PP, 
despite the fact that the former displayed higher carbonyl indexes. Three factors may 
explain these results: 
a) The compression moulded bars have lower thickness than the injection moulded ones 
(2.7mm vs 3.1mm), thus enhancing the effect of the brittle surface layer; 
b) The machine marks at the cut edges of compression moulded bars extracted from 
plaque moulding may be sites for preferential attack and failure; 
c) The larger spherulite sizes of compression moulded PP. 
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Fig. 5.45. Effect of exposure time on the tensile strength of compression moulded 
polypropylene. 
Although the factors a and b above have some effect on the mechanical properties 
(according to section 5.3.2.3), the large difference in the tensile strength between NC 
and SC, both with the same thickness and similar machine marks, indicate that the 
spherulite size plays a major role in determining the properties of these materials. As 
already discussed in this thesis, the concentration of tie chain molecules may be the key 
to the mechanical behaviour of degraded polypropylene. The higher spherulite size in SC 
samples in comparison with NC makes these specimens particularly vulnerable to the 
weathering effects. This happens because the breakdown of taut molecules at the 
spherulite boundaries during the photo-oxidative process causes the remaining ones to 
carry a disproportionate amount of load [DeVries and Homberger, 1989; Nishimoto et 
al., 1991]. A related factor is that the spherulite boundaries are preferential sites for 
oxidative attack owing to rejection of chromophores during crystallization [Blais et al., 
1972; Pabiot and Verdu, 1981]. A higher deterioration of mechanical properties caused 
by photodegradation of compression moulded PP in comparison with injection moulded 
PP has also been observed by Schoolenberg [1988b] whereas a decrease in PP lifetime 
with increasing quenching temperature after compression moulding has been reported by 
McTigue and Blumberg [1967]. 
The unexposed compression moulded PP did not display cold drawing and 
relatively low values of maximum elongation were obtained (Fig. 5.46). The large crystal 
sizes of these samples may have prevented structural re-organization during the 
deformation process that normally leads to cold drawing. Another factor was the 
presence of voids in the interior of the bars (see section 5.3.4.4) that may have weakened 
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the material. Moreover, the segregation of impurities to the spherulite boundaries lead to 
crack formation [Way et al., 1974], as seems to have happened in Fig. 5.41 c. The effect 
of exposure time on this property was similar to the tensile strength but the values of 
elongation of injection moulded and compression moulded (NC) samples were somewhat 
closer than the tensile strengths. 
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Fig. 5.46. Effect of exposure time on the elongation of compression moulded PP. 
5.3.4.4. Scanning Electron Microscopy 
Part of the fracture surface of an unexposed bar of a slow cooled compression 
moulded PP (SC) is shown in Fig. 5.47. The remarkable feature is the appearance of 
several cavities, generally in the central part of the fracture surface. Presumably, these 
cavities result from a high contraction during crystallization [Way et al., 1974] and are 
likely to be reason for the weakness of this material. 
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(a) 
(b) 
Fig. 5.47. Fracture surface of a SC sample. (a) low magnification; (b) higher 
magnification. 
Fig. 5.48 shows the UV surfaces of compression moulded PP exposed for 12 
weeks then tensile tested. Some charging problems occurred during SEM inspection and 
defect-free images were difficult to be obtained. The NC sample (Fig. 5.48a) featured a 
highly deteriorated surface with a pattern of deep cracks, the longest of them lying 
perpendicular to the stress direction. In contrast, the surface of the SC sample (Fig. 
5.48b) featured cracks which appeared to reveal a granular morphology, somewhat 
similar to the shape of spherulites, though it must be recalled that at the surface there are 
no sphere ites present but a columnar growth. It is possible that the "granules" seen are 
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the bases of these columns which may be specially vulnerable to the formation of the 
surface cracks due to a lower concentration of tie molecules. This pattern of surface 
damage was rather similar to the one before conducting the tensile test on the same 
sample, suggesting that the highly damaged surface had little influence on the fracture 
process. The exposed surfaces of both NC and SC samples were very different from the 
injection moulded one (Fig. 4.23) which featured a pattern of circular arcs resembling the 
flow lines effect. 
(a) 
(b) 
Fig. 5.48. Exposed surface of compression moulded PP (12 weeks). (a) NC sample; (b) 
SC sample. 
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The fracture surface of the NC sample exposed for 12 weeks (Fig. 5.49a) was 
somewhat similar to the injection moulded one (Fig. 4.25). A ductile band between the 
degraded surface and the core characterized the crack arrest effect. The ultimate fracture 
had probably been initiated in an internal site, adjacent to this ductile band. The picture 
also shows that the frame-like pattern in this sample was not as even throughout the 
periphery as in the injection moulded bar. The fracture surface of the SC sample was 
rather different from the NC bar (Fig. 5.49b). The surface was mainly smooth and no 
clear difference appeared between the surface and the core, indicating that the 
catastrophic cracks, once initiated, propagated entirely throughout the sample interior, 
without being arrested beneath the surface as occurred with the NC and with the 
injection moulded bars. 
(a) 
(b) 
Fig. 5.49. Fracture stu-faces of the samples shown in Fig. 5.48. (a) NC, UV side on the 
bottom; (b) SC, UV side on the top. 
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5.3.4.5. X-Ray faction 
The X-ray crystallinity of compression moulded PP increased with exposure time 
(Fig. 5.50), following a similar trend to the injection moulded material. An important 
observation from these results is that the SC sample contained, before exposure, only 
38% of amorphous material (X,, = 62%) and, nevertheless, the increase in the degree of 
crystallinity was rather similar to the injection moulded PP which contained, before 
exposure, more than 53% of non-crystalline phase. This is highly consistent with the idea 
that the chemi-crystallization is limited by the chemical irregularities introduced by 
photo degradation, rather than by the actual value of Xc attained. Fig. 5.50 also shows 
that the NC samples did not reach a steady value for longer exposures. It is worth 
mentioning, however, that the sample to sample variability of physical structure in 
compression moulded PP was much higher than in injection moulded PP, probably due to 
uneven pressure and cooling during moulding (within a single plaque) and due to a low 
degree of control, making it impossible to reproduce overall conditions exactly from 
plaque to plaque. 
70 
65 
60 
55 
50 
45 
40 
13 
--------------- 
0 
'Or 
injection moulded 
- -. - - compression (NC) 
-a - compression (SC) 
05 10 15 20 25 
Exposure time (weeks) 
Fig. 5.50. Effect of exposure time on the X-ray crystallinity of compression moulded PP. 
5.3.4.6. Differential Scanning Calorimetry 
The results for the melting enthalpy were consistent with those obtained from X- 
ray diffraction (Fig. 5.51). The injection moulded PP displayed the lowest values and the 
SC samples the highest ones. The enthalpy for NC bars were between the two and, 
again, comparatively higher values were observed for long-term exposures. The values 
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for the melting enthalpy in the second heating run were slightly higher for the 
compression moulded PP, reflecting lower carbonyl indexes. 
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Fig. 5.51. Effect of exposure time on the melting enthalpy of compression moulded PP. 
Fig. 5.52 shows the effect of exposure time on the melting temperature of 
compression moulded PP in comparison with the injection moulded one. On the first run, 
the melting temperatures of SC samples were much higher than the other types of 
samples for exposures greater than 6 weeks, despite the fact that the extent of 
degradation was almost the same as for the NC samples. In an attempt to show that this 
effect was not related to the transcrystalline layer at the skin of SC, a surface layer 
0.3mm thick was removed prior to exposure and, again, high Tml values were obtained 
(Table 5.7). 
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Fig. 5.52 Effect of exposure time on the melting temperatures of compression moulded 
PP. (a) first melting run; (b) second run. 
161 
A possible explanation for the higher Tml of SC samples is the very large crystal 
sizes. According to equation 4.2, the melting point depends on the crystals thickness and 
it is supposed to be depressed by the chemical reaction of the crystal surfaces, increasing 
the free energy of the crystal. In the SC samples the crystal sizes are expected to be very 
high and therefore, the contribution of the fold surfaces to their melting may be reduced. 
Another aspect is that, since the crystals were formed in more favourable conditions (i. e., 
slow cooling rates) they may be inherently more stable towards photo degradation 
because they contain a lesser quantity of overstressed bonds on the fold surface. 
as moulded 0.3mm removed 
Exposure (weeks) Tmi Tm2 Tmi Tm2 
0 167.1 165.4 166.6 165.3 
6 163.8 155.9 162.8 153.6 
12 161.7 150.0 161.4 146.7 
18 159.4 146.1 158.2 144.4 
24 162.0 144.9 161.5 144.2 
Table 5.7. Melting temperatures (°C) of SC samples, exposed in the as-moulded state 
and after removing a layer 0.3mm thick. 
The melting temperatures of the second heating run (Fig. 5.52b) were much closer 
among the three types of samples and, again, the values obtained for the SC samples 
were higher than the others. This may reflect a lower content of carbonyl and other 
impurity groups and a larger crystal thickness of the as-moulded material. Considering 
that the oxidation does not occur in the interior of the lamellae, the larger the crystal 
thickness, the longer is the length of the molecule species that will have its original 
chemical constitution preserved after extensive degradation. 
From Table 5.7 it is also clear that the values of T,, 2 are lower for the specimens 
with the transcrystalline layer removed before exposure which means that these samples 
displayed more chemical degradation. The A110 orientation index for the two types of 
samples were respectively 0.58 and 0.37. Therefore, the preferred orientation of the 
chain axis in the as-moulded surface may be the reason for such difference. 
5.4. DISCUSSION 
5.4.1. EXTENT OF DEGRADATION 
It has been mentioned that polypropylene photo degradation depends upon several 
factors, including those that are inherent to the environment, like UV intensity and 
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temperature, and those that are intrinsic to the polymer, like its chemical constitution. 
This is represented in Fig. 5.53. On the top of the figure there are the factors extrinsic to 
the polymer and on the bottom the ones that depend on the polymer. All factors 
represented by dashed lines were kept constant throughout the execution of this 
research, hence they will not be considered in this discussion as variables in the polymer 
degradation. 
UV intensity Temperature Oxygen pressure 
Chromophores 
- impurities 
- produced during 
processing 
Chemical structure 
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- molecular veight 
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Fig. 5.53. Schematic representation of the factors that may affect PP photodegradation. 
Those represented by dashed lines were not variables on this research. 
In this part of the work the effect of polymer structure on the photo degradation of 
polypropylene was investigated. To obtain different initial structures, different types of 
processing and conditions were used. Consequently, it is possible that there were also 
some changes in the amount of chromophores within the materiaL though this was not 
clearly evident from the infrared spectra. 
The initial physical structure of PP, which involves the degree of crystallinity, 
crystal and molecular orientation, and crystal (and spherulite) size, is supposed to 
influence the photo-oxidation by affecting the oxygen permeability and UV absorption 
characteristics. However, some authors argue that the oxidative processes in polyolefins 
are controlled by the amount of chromophores within the material with little or no effect 
of the physical structure [Carlsson and Wiles, 1976; Garton et al., 1978; Rabek, 1995]. 
These chromophores may be present as impurities, like catalyst residues, or may be 
formed during processing, like hydroperoxides. Admittedly, the photodegradation of PP 
would not occur without these initiating centres because this polymer does not absorb 
UV light in the range of the sunlight spectrum but, once initiated, the chemical 
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degradation takes place through an autocatalytic process that is diffusion controlled 
[Audouin et aL, 1994]. Moreover, the chromophore groups may be entrapped into the 
spherulites where the oxygen diffusion is much slower than in the interspherulitic region 
[Mucha, 1986b] and hence the dependence on the content of crystalline phase and 
crystallization conditions may still be higher. When oxygen molecules are not available at 
the site of free radical formation, the radicals can recombine, in which case they do not 
contribute to the degradative process. The independence of PP degradation from 
structural factors may be true in kinetically controlled processes, like those taking place 
in thin films. Even in these situations, the presence of crystals was noted to decrease the 
rate of initiation due to the existence of molecules at the crystal boundaries with 
restricted mobility and, as a consequence, with higher probability of recombination at the 
cage [Chien and Wang, 1975]. 
The results presented in section 5.3 showed that some variations on the initial 
structure have yielded only minor changes in the extent of degradation. In part this was 
due to opposite effects on degradation brought about by varying the initial structure. By 
comparing materials with widely differing structures, large differences in the carbonyl 
index were observed, as shown in Fig. 5.543. In this case, the comparison was made 
between the material with the lowest crystallinity (20PP) with the one with the highest 
crystallinity (SC). It is clear that the injection moulded PP displayed considerably more 
degradation than the compression moulded one, possibly due to a higher oxygen 
diffusion that results from its lower degree of crystallinity. The injection moulding 
process may produce more chromophores than the compression moulding one due to 
thermal degradation by the shearing effect in the interior of the injection moulding 
machine, and this may have also contributed to the results observed in Fig. 5.54. 
However, Fig. 5.55 shows that the rate of degradation of an injection moulded material 
(with 0.2mm removed before exposure) was very similar to that of a compression 
moulded (normal cooled) one. This may have resulted from a nearly identical initial 
crystallinity. In this particular case, extensive comparison is more difficult, owing to the 
high amount of hexagonal phase in this injection moulded sample that can react 
differently from the monoclinic phase. 
j From the results shown in section 5.3 it was apparent that the carbonyl index was more 
sensitive than the molecular weight to the type of sample. In this section, therefore, the 
carbonyl index will be used to compare the extent of degradation. 
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Fig. 5.54. Effect of exposure time on the carbonyl index of injection moulded (20PP) and 
compression moulded (SC) PP samples. 
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Fig. 5.55. Comparison between the extent of degradation of two types of samples with 
similar crystallinity. 
From the results shown above and in section 5.3 it is apparent that the orientation 
of injection moulded PP had only a marginal effect on reducing the rate of degradation. 
In fact, pole figure analysis and X-ray diffraction showed that the crystal orientation at 
the exposed surfaces were weak, for all types of injection moulded samples, except the 
ones containing nucleating agent which showed a strong orientation of the b-axis 
165 
towards the thickness direction. Based on the amount of crystal orientation, it is 
reasonable to assume that the orientation of the amorphous component was equally low. 
It is suggested that the degree of crystal (and molecular) orientation obtained by the 
injection moulding conditions used in the present work was insufficient to cause 
significant reduction on the oxygen permeability of polypropylene, and therefore, had 
little effect on the photodegradation. Accordingly, Kato et al. [1969] argued that the 
orientation of polypropylene has little effect on the rate of degradation because its 
permeability is not as orientation dependent as in other polymers. This was observed by 
Taraiya et al. [1993] who noted that the oxygen permeability of PP sheets was reduced 
only 20% after a biaxial draw ratio of 3x3. 
The effect of initial crystallinity on the carbonyl index of PP is shown in Fig. 5.56. 
This graph was constructed with the data (taken from the exposed surface) of all types of 
samples investigated in this chapter. The initial crystallinity was plotted as the x- 
coordinate and the corresponding carbonyl index for selected exposure times as the y- 
coordinate. The results seem to indicate that the rate of degradation decreases initially 
with the increase in crystallinity and then it becomes nearly independent of X, The 
highest deviation from this trend was obtained for the injection moulded samples 
produced using a mould temperature of 60°C (data points marked with open circles in 
Fig. 5.56). A possible explanation for this deviation is that, due to the higher orientation, 
these samples displayed much more surface damage than bars moulded using lower 
temperatures, as shown in Fig. 5.57. The presence of surface cracks can increase the 
extent of degradation by increasing the oxygen diffusion [Schoolenberg, 1988b]. 
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Fig. 5.56. Effect of crystallinity on the carbonyl index of PP. The data points marked 
with open circles were obtained from the 60PP samples. Note that the values of 
crystallinity of NPP (at X, = 57%) may be overestimated. 
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Fig. 5.57. Effect of injection mould temperature on the moulded surface of PP exposed 
for 9 weeks then tensile tested. 
The trend shown in Fig. 5.56 is apparently consistent with the results reported by 
Vieth and Wuerth [1969] that the gas diffusion through polypropylene increases with the 
amorphous fraction only beyond a certain value of amorphous content. Their results are 
reproduced in Fig. 5.58. The diffusion decreased rapidly with crystallinity and then it 
became nearly constant. This behaviour can be described by the equation for the 
diffusion constant: 
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D= (5.2) 
T- 
where D* is the diffusion constant for a completely amorphous polymer, T is a geometric 
impedance factor and ß is a chain immobilisation factor that increases with crystallinity. 
The diffusion impedance factor i increases with crystallinity, but at higher crystallinities 
it decreases, due to formation of defects in the crystallites with large thickness. 
According to this approach, the crystallinity affects PP photo degradation only at low X,; 
(ca. <50%), as observed in Fig. 5.56. Deviations from this trend may result from the 
other structure-related factors that affect the photodegradation and/or other factors 
related to processing like amount of chromophores and residual stresses, and also surface 
cracks generated spontaneously during exposure. 
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Fig. 5.58. Helium diffusion constants as function of PP amorphous fraction [Vieth and 
Wuerth, 1969]. 
5.4.2. MELTING TEMPERATURES 
The similarity between the extents of degradation of the two compression moulded 
samples (NC and SC) was of significant importance in helping understand the effect of 
crystal size on the melting temperatures. The expected large lamellar thickness of the SC 
sample implied that there is a relatively small number of chain folds available for reaction 
at the crystal surface, hence the increase in the surface energy is assumed to be much less 
significant than in a sample with small lamellar thickness (Fig. 5.52a). This trend has been 
observed, to a lesser extent, when comparing 20PP and 60PP (Table 5.2). On the second 
melting run, the melting point is likely to be controlled by the number of defects within 
the crystals and the low molecular weight, with less dependence on the lamellar size. 
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5.4.3. MECHANICAL PROPERTIES AND FRACTURE 
The mechanical properties of all types of samples showed high deterioration with 
photo degradation. A common feature among many types of specimens was a drastic 
drop in tensile strength and elongation at 6 weeks followed by partial recovery of these 
properties after further exposure. The fracture surfaces of bars after 6 weeks exposure 
were generally fairly smooth and after longer exposures, a ductile band between the 
degraded skin and the core was normally seen which indicates that a crack generated at 
the surface was arrested at this band and re-initiated towards the (relatively) undamaged 
interior. This kind of feature is presumably responsible for the recovery in mechanical 
properties. 
The mechanical properties of polypropylene are dependent on the sample thickness 
and on the spherulite size as well as on the extent of chemical degradation. The 
importance of specimen thickness has been demonstrated by comparing the behaviour of 
bars with layers removed (Fig. 5.12, Table 5.4). The embrittled surface layer in degraded 
PP causes higher deterioration in tensile strength of specimens with low thickness 
because they contain proportionally less ductile material underneath this layer to 
withstand the stress applied. Fig. 5.59 compare the tensile strength of several types of 
samples with similar thicknesses. It indicates that the large spherulite size is by far the 
most important reason for the high deterioration of compression moulded samples, 
especially the slow cooled (SC) ones. Since the number of taut molecules per unit area of 
spherulite decreases with the increase in the spherulite size and, with their breakdown 
caused by photo-oxidation, the mechanical properties of samples containing large 
spherulites (e. g., compression moulded PP) decrease much more significantly. An 
exception to this rule has been observed with PP containing nucleator in which the 
mechanical properties were lower than non-nucleated PP (Fig. 5.29). The explanations 
considered were the notch sensitivity of NPP caused by the higher orientation and the 
high proportion of scission of taut molecules in NPP. 
The mechanical properties of photodegraded PP are also dependent on the 
presence of machine marks and on the surface cracks formed spontaneously during 
exposure. In injection moulded bars, the pattern of surface cracks (shown as circular 
arcs) has been related to the flow lines during mould filling since it was not observed in 
compression moulded PP nor in bars from which surface layers were removed before 
exposure. 
By comparing the exposed surface of the two compression moulded bars (Fig. 
5.48) it is clear that the normally cooled one displayed much higher deterioration than 
the slow cooled one. Nevertheless the latter showed much lower tensile strength for this 
exposure time. This suggests that the morphology exerts an influence on the mechanical 
behaviour even stronger than the surface cracks. 
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Fig. 5.59 Comparison between the tensile strength of compression moulded with 
injection moulded PP from which layers had been removed before exposure. 
5.4.4. CHEMI-CRYSTALLIZATION 
The similarity of the rate of degradation among the several types of samples 
described in this study was also important in helping to develop an understanding of the 
mechanisms of chemi-crystallization. The general trend obtained was an increase in the 
crystallinity up to a constant value after 12-24 weeks exposure. The increase in 
crystallinity was fairly similar for all types of samples, including those with widely 
different initial crystallinities (Fig. 5.60). These observations seem to confirm the idea 
that the maximum crystallinity obtained during photo-oxidation, under the exposure 
conditions applied in this research, depends mainly on the initial crystallinity of the 
material. 
Due to the relatively high molecular weight of virgin polymer used, a high 
concentration of entanglements is expected to be present and this restricts the 
crystallization during processing and therefore, relatively low crystallinities were 
obtained, even for the most favourable conditions. With exposure, a drastic reduction of 
the molecular weight has taken place, freeing the entanglements to re-arrange into 
crystals, probably over the pre-existing ones. The chemical irregularities introduced in 
the molecules during the oxidation, like hydroperoxides and carbonyl group 
irregularities, rather than the amount of amorphous material still available for 
crystallization, limited the increase in crystallinity. Table 5.8 shows that the absolute 
variation of crystallinity was rather similar for most materials, at approximately 6-7%. 
This type of behaviour is substantially different from ordinary annealing experiments 
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where the gain in crystallinity is much higher for specimens with low initial crystallinities 
[Ouederni and Phillips, 1995]. 
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Fig. 5.60. Effect of exposure time on the crystallinity of SC and 20PP samples. 
Material Xc (initial) Xc (plateau) 
(approximate values) 
increase in Xc 
20PP 41.3 48.1 6.8 
40PP 46.8 53.5 6.7 
40PP (-0.2mm) 50.4 58.2 7.8 
40PP (-0.6mm) 52.5 62.0 9.5 
60PP 52.8 58.8 6.0 
NPP 57.1 64.0 6.9 
compression (SC) 62.1 69.0 6.9 
Table 5.8. Variation of crystallinity (in %) for PP with various initial crystallinities. The 
NC samples were not included because they did not reach a constant X,, with exposure. 
The results shown above contrast with those obtained by Mucha and Kryszewski 
[1980] in which the increase in Xc during PP thermo-oxidation was higher for low 
crystallinity samples. Their measurements, however, were made by density which is not 
the most appropriate method to assess chemi-crystallization due to the contribution of 
other (heavier) atoms in the polymer chain. Moreover, their samples with the lowest 
initial crystallinities were those which displayed the highest rates of degradation. 
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The results given in Figs. 5.21 and 5.22 regarding the increase in X, in layers 
underneath the surface are particularly relevant. They showed that the rate of 
degradation did not affect the maximum crystallinity attained by chemi-crystallization, 
i. e., the initial crystallinity of the sample was the most important factor. 
5.5. CONCLUSIONS 
According to the materials and exposure conditions adopted in this chapter, it was 
observed that the degree of crystallinity was the main structural factor controlling the 
photodegradation of polypropylene but significant differences in the amount of chemical 
degradation among the several types of samples investigated have not been observed. 
This was partly related to the dependence between the degree of crystallinity and 
permeability in PP and partially caused by a wide variety of effects on the 
photodegradation when the production of different initial structures was attempted. 
However, the similarity of chemical degradation among the materials exposed 
enabled the understanding of the major factors that determine the mechanical behaviour 
of polypropylene. The tensile properties are largely affected by the amount of 
degradation and presence of surface cracks as well as on specimen thickness and the 
spherulite size and, to a lesser degree, by machine marks. The scission of tie molecules in 
specimens with very large spherulites (like compression moulded ones) is particularly 
damaging, overwhelming factors like sample thickness, surface cracks and, within certain 
limits, also the extent of degradation. 
Finally, the chemi-crystallization occurred by similar mechanisms in all types of 
samples and the results shown in this chapter seemed to confirm the idea that the 
increase in crystallinity is limited mainly by the chemical defects within the molecules 
caused by the oxidation. 
6. PHOTODEGRADATION OF POLYPROPYLENE WITH WELD LINES 
6.1. INTRODUCTION 
The presence of weld lines (also called knit lines) is very common in some polymer 
processing techniques. In extrusion of pipes, for example, the polymer flow is rejoined 
after it passes around the spider legs of the die creating local discontinuities. In injection 
moulding weld lines have several origins [Malguarnera, 1982; Michaeli and Galuschka, 
1993]: 
" If the moulded part has an annular shape and the mould is filled via a pin gate, the 
separated flow fronts join at the side opposite to the gate; 
" During mould filling `jetting" may happen, in which the melt travels along the cavity 
until impinging on a solid boundary and solidifying. When the following melt reaches 
that position, weld lines are created.; 
" The polymer flow is divided when it passes around an obstacle or an insert and is 
rejoined further along in the cavity. Obstacles are often introduced to produce holes in 
the moulded product; 
" The cavity has more than one gate. The flow goes through two or more runners and is 
joined at some position within the cavity, creating weld lines. This is sometimes called 
"cold weld", in contrast to the previous type, that is called "hot weld" [Criens and 
Mosle, 1986]. 
It is worth differentiating the weld lines created during processing from the process 
of joining together different pieces of solid material by techniques like thermal or 
ultrasonic welding. In this chapter the word weld or knit will refer only to structures 
formed during processing. 
The effects of weld lines on the moulded part can be both aesthetic and 
mechanical. Surface imperfections are not acceptable in many products but there are 
several ways to eliminate or reduce them by using proper moulding conditions and/or 
convenient design of the moulded part. The influences on mechanical behaviour, on the 
other hand, are sometimes more difficult to deal with and mould designers usually 
choose the gate location in order to place the welds in less stressed positions. Processing 
parameters, mainly the melt or mould temperatures, the injection pressure and injection 
speed, also have a great deal of influence on the product properties and must 
be 
considered during production. Very frequently, however, a compromise exists 
between 
cycle time and product quality. 
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The weld line in moulded polymers is in fact a region up to several mm thick 
[Titomanlio et al., 1989; Fisa and Rahmani, 1991] and is generally weaker than the bulk 
of the specimen. Several reasons are given for the weakness [Mennig, 1995]: 
" Molecular orientation in the weld is often perpendicular to the principal flow direction 
in the mould as a result of the "fountain" or "volcano" flow (Fig. 6.1); 
"A V-notch forms at the surface where the two fronts are joined (Fig. 6.1), causing 
stress concentration; 
" Insufficient interdiffusion between the two fronts. 
(a) 
(b) 
Fig. 6.1. Schematic representation of the impingement between two melt streams 
[Hobbs, 1974]. 
A key requirement to explain the weld line behaviour seems to be the 
understanding of the polymer flow when the two fronts are joined. As illustrated in Fig. 
6.1, there is a radial flow behind the flow front as the melt sticks to the mould wall. This 
is known as `fountain" or "volcano" flow. One of the consequences is a preferential 
molecular orientation at the weld region perpendicular to the flow direction. This has 
been illustrated by Criens and Mosle [1986] with shrinkage experiments in which the 
width of tensile bars decreased at the weld region on heating. The rapid cooling of the 
moulded part intensifies the effect since the molecular orientation is frozen-in [Mennig, 
1995]. This kind of flow is much more critical to the mechanical behaviour of fibre 
reinforced polymers because the fibres tend to align parallel to the weld region (hence 
perpendicular to the flow), with consequent reduction in their reinforcing efficiency 
[Meddad et al., 1993; Akay and Barkley, 1993; Nadkarni and Ayodh}, a, 1993]. The 
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strength of the weld region was reported to decrease with increase in the filler aspect 
ratio [Savadori et al., 1983; Hashemi et al., 1994]. 
Another effect of the fountain flow is the notch formed at the moulded surface 
when the two flow fronts meet (Fig. 6.1 d). According to Hagerman [1973], viscous drag 
at the mould walls forms a meniscus of compressed air at the front of both polymer melt 
flows, resulting in a V-notch that acts as a stress concentrator with consequent reduction 
in mechanical properties. He confirmed this effect by observing that the properties of 
ABS samples improved after polishing away the surface containing the notch. A similar 
observation was made by Tomari et al. [1990] on polystyrene by removing the surface 
layer. They also observed that the elimination of the V-notch did not lead to full recovery 
in strength, a fact attributed to a region of poor bonding beneath the surface. 
The third factor contributing to reduction in strength of the weld region is the poor 
mixing between the two melt fronts. According to Pisipati and Baird [1984], the weld 
strength depends on the concentration of entanglements at the weld region. They 
calculated the recovery and re-entanglement time when two melt fronts meet and found 
that weld strength of high molecular weight grades of polystyrene is low as a result of a 
long time required for re-entanglement. Mennig [1995] suggested that the type of flow 
which the polymer experiences during mould filling lacks external forces strong enough 
to promote entanglements between the molecules. In fountain flow this is created mainly 
by interdiffusion, that is time dependent and therefore limited by the rapid cooling and 
the high viscosity of the polymer melts [Wool, 1995]. Accordingly, Pisipati and Baird 
[1984] observed that the re-entanglement time decreased with the increase in the melt 
temperature. Based on theoretical calculations, Kim and Suh [1986] demonstrated that 
the degree of bonding at the interface is highly dependent on the melt temperature and 
that the effect of mixing at the weld region is much more important to the strength of the 
material than the effect of orientation. Their analyses were confirmed by experiments. 
The effect of intermixing in products with weld lines seems to be stronger in 
polymer blends, especially in incompatible ones [Nolley et al., 1980; Mekhilef et al., 
1993; Haufe et al., 1994]. In fact, Brahimi et al. [1994] noted that the tensile strength of 
HDPE-polystyrene blends was highly increased with the addition of a compatibilizer. 
This compatibilizer did not affect the properties of specimens without weld lines. 
The structure and morphology of the weld region in injection moulded 
polypropylene was investigated by a number of workers. Hobbs [1974] produced weld 
lines by injecting PP into a tool with an obstacle and reported that the morphology of the 
weld region was rather complex, characterized by row nucleated spherulites along the 
knit area as a result of the flow field generated there. He also observed that the depth of 
the V-notch decreased with increase in mould temperature and that the fracture of the 
samples under tensile deformation initiated at the V-notch. Watkinson et al. [1982] made 
similar observations regarding the morphology at the weld region. They also identified 
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preferential damage at the weld region when their samples were submitted to fatigue 
loadings and noted that the fatigue life increased when high melt temperatures were used 
during injection moulding. Trotignon et al. [1982] studied structural parameters of 
tensile bars moulded with a double end gated tool. Their results showed that the 
orientation, crystallinity and ß-phase concentration decreased with distance from both 
gates, reaching the lowest levels at the middle of the bars. They also reported that 
pressure and injection velocity have some influence in the structure formation, though 
much less than the distance from the gate or the type of tool (single or double gated). 
Similar results on the dependence of the crystallinity and ß-phase content with the 
distance from the gate has been obtained by Singh et al. [1990]. They used transmission 
electron microscopy to show that in the weld line itself and in its immediate vicinity no f3- 
phase is formed. Wenig et al. [1990] attempted to correlate the mechanical properties of 
polypropylene with weld lines with its structure. They suggested that the weakness of the 
parts produced using very high injection mould temperature was due to the clustering of 
hexagonal spherulites and other morphological inhomogeneities in the vicinity of the 
weld line. 
The effect of processing conditions on samples with weld lines has been studied by 
a number of workers [e. g., Malguamera et al., 1981; Criens and Mosle, 1983; Boukhili 
and Gauvin, 1989; Piccarolo et aL, 1993]. Some authors compare the mechanical 
properties of specimens with weld lines with those without welds produced under the 
same conditions by using the "veld line factor": 
weld line factor = 
property value of a specimen with weld 
(6. i) property value of a specimen without weld 
The processing parameters can be varied in order to promote intensive mixing of the two 
melt fronts and to minimize V-notch formation and orientation parallel to the weld. The 
majority of the studies indicate that best results for tensile strength are achieved with 
high melt and mould temperatures [Malguarnera and Manisali, 1981; Criens and Mosle, 
1983; Nadkarni and Ayodhya, 1993]. Other parameters such as pressure and speed of 
injection have less effect [Malguarnera et al., 1981; Titomanlio et at, 1989; Merhar et 
al., 1994]. Criens and Mosle [1986] argued that the weld line factors of brittle polymers 
like PS and SAN tend to be much lower than those for polymers that display yielding, 
like polycarbonate and ABS. They suggested that this is because ductile materials reduce 
the stress concentration at the V-notch by yielding and the fracture occurs only after 
extensive drawing. Nadkarni and Ayodhya [1993] also observed that a brittle polymer 
(PS) was much more sensitive to weld lines than a ductile one (PP). Following the same 
trend, a compilation of results of PP from several researchers presented by Mennig 
[1995] showed that the weld line factors based on tensile strength was close to unity for 
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the majority of sources reported. The weld line factors based on elongation or impact 
strength varied widely. 
Besides trying to optimize processing conditions to minimize the effects of weak 
weld lines, some trials have been made to improve performance of polymers with weld 
lines by changing the mould design. The most basic one is to avoid the V-notch by 
providing venting at the position of the knit line [Criens and Mosle, 1986]. Other, more 
elaborated approaches, were developed, such as by using a tool with a flow diverter to 
allow flow across the weld line when the material near the wall has already frozen 
resulting in molecular (or fibre) orientation parallel to the flow direction in layers below 
the skin [Dooley, 1993; Michaeli and Galuschka, 1993]. Another one is the "push-pull 
process" in which the mould is fed by two independent cylinders, and by suitable control 
of them, a molecular (or fibre) orientation parallel to the flow can be obtained [Michaeli 
and Galuschka, 1993; Malloy and Gardner, 1993]. Wang et al. [1995] stressed that the 
orientation parallel to the weld line can be eliminated by using shear controlled 
orientation in injection moulding ("SCORIM"), resulting in remarkable increase in tensile 
strength of thermotropic polymer liquid crystals. 
Although a reasonable amount of work has been conducted concerning the effects 
of weld lines on polymers and composites behaviour, none of them considered the 
influence of degradation on polymers with weld lines. Due to the increasing demand for 
shortening injection moulding cycles and the inherent complexity of many products (with 
cavities, inserts, etc. ) the presence of weld regions is unavoidable in a vast number of 
products. Sometimes a tool is designed with a great number of gates, such as a car 
bumper that may contain 20 gates, generating at least 19 weld lines [Mennig, 1995]. This 
and many types of products with knit lines may be submitted to prolonged weathering or 
other sources of degradation in service. The decrease in molecular weight and the 
surface embrittlement caused by degradation lead to a large reduction in the mechanical 
properties of PP but the magnitude of changes depend in the material structural 
parameters, as shown in chapter 5. Since the physical structure of the weld region in 
double gated PP may be different from the bulk of the material, the effects of degradation 
may also differ with the location, and hence the mechanical performance of products will 
be dependent on the presence of knit lines and on the nature of degradation at these sites. 
The aim of this chapter is to describe an investigation on the effect of artificial 
weathering on the mechanical properties of double end-gated injection moulded 
polypropylene. Specimens prepared using three different mould temperatures were 
exposed to ultraviolet radiation and the results of mechanical tests were compared with 
those for samples produced with single-gated injection using the same conditions. 
Further discussion on the relationship between processing and surface cracks is included. 
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6.2. EXPERIMENTAL 
Double end gated tensile bars were produced using the same equipment and 
material described before (chapter 3). The injection moulding tool used allowed either 
single or double gated injections by appropriate arrangement of the flow blockers (Fig. 
6.2). 
flow blocker 
p 
polymer flow 
flow blocker 
Fig. 6.2. Layout of the mould cavity used to produce double-gated injection samples. By 
blocking one of the gates, a single-gated specimen was produced. 
The moulding conditions were the same as before except for the mould 
temperature. This was the parameter chosen to investigate the effect of weld line 
strength on photodegradation. Three mould temperatures were employed (20,40 and 
60°C), and all the other parameters were kept constant as described in section 3.3. The 
influence of melt temperature was not investigated because this has other consequences 
on the inherent photodegradability of polypropylene, according to the amount of 
hydroperoxides and other chromophores produced during processing [Vink, 1983]. 
Similarly, the injection speed affects the amount of viscous heat generated during mould 
filling and was also kept constant. 
The structure of the as-moulded materials were analyzed by X-ray diffraction at 
several positions along the gauge length of the tensile bars, according to the procedure 
described in section 3.9. 
The samples were exposed under the same conditions described before in an 
unstressed state for periods ranging from 3 to 24 weeks. As before, the surface 
containing the gate faced away from the UV source. After the exposure time, the 
specimens were tensile tested and the fracture surfaces were inspected with scanning 
electron microscopy. Some light microscopy analyses were carried out before the tensile 
testing in an attempt to reveal the pattern of surface cracks. 
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6.3. RESULTS AND DISCUSSION 
6.3.1. AS-MOULDED SAMPLES 
6.3.1.1. X-Ray Diffraction Analyses 
From X-ray diffractograms the crystallinity and the A110 orientation index 
(according to equation 5.1) were obtained for the three moulding conditions at several 
distances from the injection gate (Figs. 6.3 and 6.4). Both properties showed minimum 
values in the centre of bar (i. e., in the weld region) in agreement with results of previous 
authors [e. g., Trotignon et al., 1982; Wenig et al., 1990; Singh et al., 1990]. This may 
result from the decrease of pressure with increasing distance from the gate [Saiu et al., 
1992] or due to loss of orientation near the weld. The crystallinity and orientation 
increased with increasing mould temperature, as already observed with single-gated 
polypropylene (Table 5.1). 
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Fig. 6.3. Effect of mould temperature on the crystallinity of double-gated PP at several 
distances from the gate. The weld region is situated at -'95mm from the gate. 
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Fig. 6.4. Effect of mould temperature on the A110 orientation index of double-gated PP 
at several distances from the gate. The weld region is situated at -95mm from the gate. 
6.3.1.2. Mechanical Properties 
The weld line factor for both tensile strength and maximum elongation were 
calculated using equation 6.1. The results displayed in Table 6.1 indicate that there no 
significant effect of weld lines on the tensile strength of PP bars produced using the 
conditions specified. This is consistent with the observations of Criens and Mosle [1986] 
in which the tensile properties of ductile polymers were very little affected by the 
presence of knit lines. The weld line factor based on maximum elongation, on the other 
hand, decreased with increase in the mould temperature. It is necessary to mention that 
the bars produced using 20 and 40°C mould temperature, both with and without weld 
lines, displayed considerable yielding, whereas the bars moulded using 60°C fractured 
immediately after the yield point. The samples containing welds and prepared with mould 
temperatures of 20°C and 40°C displayed more drawing than the ones without welds but, 
due to the inherent variability in the elongation obtained when the sample yields, the weld 
line factor based on this property is not a good indicator of the weld strength. 
Mould temperature (°C) weld line factor 
(tensile strength) 
weld line factor 
(maximum elongation) 
20 0.96 1.32 
40 0.98 1.29 
60 0.97 1.04 
Table 6.1. Effect of mould temperature on the weld line factor of PP samples. 
180 
6.3.2. SURFACE DAMAGE OF UV-EXPOSED SAMPLES 
ine injection moulded bars produced with double gates did not show any visible 
signs of deterioration for up to 6 weeks exposure prior to tensile testing. After 9 weeks 
under ultraviolet radiation, a pattern of cracks along circular arcs appeared on both 
exposed and unexposed sides. This pattern intensified with exposure time and examples 
are shown in Fig. 6.5 for 12 weeks exposed samples. The arcs radiated from the gate 
positions similar to those on the sample shown in Fig. 4.24 and spread through the length 
of the bar. In an area around the weld region, the cracks were more spaced. This region 
was the last to show visible signs of deterioration. 
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Fig. 6.5. Transmission light microscopy of samples produced with a double gated tool 
and exposed for 12 weeks (not tensile tested). The mould temperatures used are 
indicated beside the pictures. Samples produced with a mould temperature of 40°C 
showed an intermediate level of surface damage. 
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The remarkable aspect in Fig. 6.5 is the correspondence between the pattern of 
surface cracks and the fountain flow, characteristic of moulding filling in double gated 
specimens (Fig. 6.1). This similarity strengthens the arguments developed in chapter 4 
that the surface cracks formed spontaneously during the photodegradation of injection 
moulded PP are related to the flow lines during injection moulding. Each circular arc, 
running from one side to the other of the bar represents the advancing melt front during 
the mould filling stage as shown schematically in Fig. 6.6. The exact mechanism for this 
phenomenon is not easily understood but it is possible that the hoop stress and the 
stretching of the fluid elements at the melt front (see Fig. 6.7) may have caused a 
preferential site for cracking during exposure. It has been suggested that cracks induced 
by UV degradation occur preferentially along regions of molecular orientation [Hulme 
and Mills, 1994]. When the two melt fronts meet and the weld line is formed, stagnation 
of the original melt front takes place, and therefore, the circular arcs are no longer 
obtained. Instead, in the middle of the bar, the markings resemble the V-notch generation 
near the edges of the specimens (compare with Fig. 6.1). 
cracks flow lines region of flow impingement 
Fig. 6.6 Progression of the flow front in a mould cavity during injection moulding. 
dvancing 
ront 
Fig. 6.7. Schematic representation of the mould filling process during injection moulding, 
according to Tadmor and Gogos [1979]. 
Fig. 6.5 also indicates that the surface damage increased with mould temperature 
which is agreement with the observation made with single-gated specimens (Fig. 5.57). 
cracks following the V-notch formation 
182 
This may be related to the rate of degradation or just to the ability to form cracks. The 
variation of mould temperature did not show significant effects on the extent of 
degradation in single gated PP for this exposure time (section 5.3.1) and it is likely that 
the same should apply with double-gated specimens, at least in regions far away from the 
weld. A possible explanation for the effect observed is that the flow lines are more 
intense in the samples produced with a tool at higher temperature, as evidenced from the 
higher orientation (Fig. 6.4). The correlation between the A110 orientation index and the 
concentration of surface cracks will be discussed further in this chapter. 
6.3.3. MECHANICAL PROPERTIES OF DEGRADED SAMPLES 
The effect of exposure time and mould temperature on the tensile strength of PP 
produced with a double end gated mould is displayed in Fig. 6.8. The property decreased 
after 3 weeks exposure and a recovery was observed after 6 or 9 weeks. No significant 
differences were found in samples for exposures times of 3 weeks and 18 weeks and 
longer. For short-term exposures there is no deterioration in strength whereas for long- 
term exposures the effects of surface embrittlement are possibly high enough to 
overcome any other structural feature. The most significant differences arose for 
exposure times of 9 and 12 weeks. This corresponds with the observation that at 9 
weeks the surface cracks were generated spontaneously at specimen surfaces during 
exposure with no applied load. The results for maximum elongation were rather similar 
and are shown in Fig. 6.9. 
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Fig. 6.8. Tensile strength as a function of the exposure time for samples containing welds 
produced using three different mould temperatures. The corresponding results for 
specimens without welds were shown in Fig. 5.5. 
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Fig. 6.9. Maximum elongation as a function of exposure time for double end gated 
samples produced with different mould temperatures. The error bars were omitted for 
clarity of data points. The corresponding results for specimens without welds were 
shown in Fig. 5.6. 
In section 5.3.1, it was shown that the mould temperature during injection had 
little effect on the chemical degradation and on the mechanical properties of 
photodegraded polypropylene (Figs. 5.3 and 5.5). The first reaction to the data shown in 
Fig. 6.8 is the interpretation that the best performance of samples produced with a mould 
temperature of 60°C is connected to a higher weld line strength of these samples. 
Accordingly, the lower the mould temperature, the less efficient is the interdiffusion in 
the weld region and therefore the lower is the number of entanglements between the two 
melt fronts that produced the knit line. These entanglements are scissioned during W 
exposure and in a poorly welded region those which remain would share a 
disproportionate load during the tensile testing. 
Explaining the behaviour given in Fig. 6.8 in terms of the concentration of 
entanglements in the weld region avoids the otherwise contradictory evidence in Fig. 6.5 
in which the surface damage increased with mould temperature. It seems that a higher 
weld strength for increasing moulding temperature is the dominant effect on the 
mechanical properties, overwhelming the effect of surface cracks. The apparent lack of 
correlation between the surface damage and mechanical behaviour could alternatively be 
explained if in a very damaged surface the cracks mutually unload before propagating 
into the material underneath. In a less damaged material the stress concentration may be 
higher and this results in a faster crack propagation [Hulme and Mills, 1994]. Moreover, 
it is important is to recall that in many cases the fracture surface of polypropylene shows 
a ductile band below the degraded skin. Since the surface cracks may be arrested at this 
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region [Schoolenberg and Meijer, 1991], it is reasonable to consider that they have less 
importance to the ultimate failure than might have been expected. 
A comparison with equivalent samples without weld lines will be made in an 
attempt to deduce the influence of the weld region on the mechanical properties. This is 
shown in Figs. 6.10-6.12 for the three moulding conditions applied. The digits next to 
the data points are the number of test samples (from a total of four) that fractured at the 
weld region. The double gated bars displayed significantly more scattering than the single 
gated ones, but no correlation was found with lower (or higher) bands of results with the 
fracture position. For the majority of results in Figs. 6.10-6.12 the tensile strengths of 
bars with weld lines were lower than the corresponding samples without welds. The 
greatest differences appeared for exposure times between 6 and 12 weeks and the 
difference decreased with increasing mould temperature. The average weld line factors 
calculated for all exposure times were 0.90,0.92 and 0.99 for 20,40 and 60°C mould 
temperatures, respectively. 
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Fig. 6.10. Comparison of the effect of photo degradation on single and double gated 
specimens produced using a mould temperature of 20°C. The digits next to the data 
points are the number of test samples (from a total of four) that fractured at the weld 
region. 
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Fig. 6.11. Tensile strength of bars produced using a mould temperature of 40°C. 
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Fig. 6.12. Tensile strength of bars produced using a mould temperature of 60°C. 
The poorer performance of PP bars produced with double gate could be related to 
the low concentration of taut molecules in the weld region. When scission occurs in such 
a region it causes a proportionately greater effect on the tensile properties. However, a 
complicating factor in the interpretation of the results of Figs. 6.8-6.12 was the 
observation that the fracture did not always take place at the weld region. The highest 
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"abnormality" in fracture position occurred with samples moulded at 20°C (Fig. 6.10), in 
which for exposure times of 9 and 12 weeks all test specimens fractured away from the 
weld region. This implies that, at least for these degradation times, the weakest part of 
the sample was not the weld, contrary to expectation. Consequently, besides the weld 
line strength itself, other aspects are involved in the mechanical behaviour. Deviations of 
the fracture position from the butt fusion-welded regions in unexposed polymers were 
reported by Oliveira and Hemsley [1985] and by Folkes et al. [1992]. 
The position of fracture during the tensile testing of a polymer sample depends on 
the existence of suitable conditions for easy crack propagation. It will be determined by 
the presence and nature of defects that act as stress concentrators in the interior or at the 
surface of the test bar. In degraded polymers the fracture position might depend mainly 
on the presence and concentration of surface cracks, and on the extent and depth profile 
of chemical degradation. 
Fig. 6.13 shows that the concentration of cracks in an injection moulded bar can 
vary widely with the location. Differences in surface damage and in the rate of 
degradation may arise from local variations in crystallinity, morphology, orientation, 
residual stresses or flow line effects. As a result, the probability of fracture occurring in a 
particular position of the specimen would be higher than in other positions. However, the 
`most likely" fracture position may change according to the time of exposure owing to 
the influence of the degraded layer on determining the mechanical behaviour. For 
instance, it is possible that when the fracture took place in the region corresponding to 
Fig. 6.6a, the region of Fig. 6.6b had already reached a state in which the surface layer 
became so fragile that it was unable to nucleate catastrophic cracks. The recovery of 
mechanical properties after 6-9 weeks exposure is indicative of this effect. 
The position of fracture in single gated PP also varied with the exposure time, and 
an example is given in Table 6.2 for specimens prepared at 20°C mould temperature. For 
3 weeks exposure the fracture occurred at the far end of the bar gauge length from the 
gate. With 6 weeks exposure the fracture position was shifted to the middle of the bar 
and, for further exposures, to positions closer to the gate. Similar results to those 
reported in Table 6.2 were obtained for the samples moulded using other mould 
temperatures (40 and 60°C). Table 6.2 also shows that for compression moulded samples 
such correlation did not exist, because in those samples the surface cracks and chemical 
degradation are not connected to moulding effects and there is no dependence of the 
structure on the position along the bar axis. 
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Fig. 6.13. Surface cracks at two different locations in an injection moulded bar exposed 
for 12 weeks (not tensile tested). 
A relevant observation on the fracture position was that sometimes it occurred 
near the region that was in contact with the fame bar during exposure (test bars labelled 
as * in Table 6.2). Those samples were placed on the upper bar of the frame shown in 
Fig. 3.2 and hence a region of the specimen was in the shade during UV exposure. Fig. 
6.14 shows that this region did not contain surface cracks and, since the cross sectional 
area was higher than in the gauge length, the actual tensile strength in that position must 
have been much lower than in the gauge length. This has an important practical 
significance because in outdoors exposures regions of a product may be in the shade. 
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Exposure Test ecimens 
Type of sample time (weeks) 1 2 3 4 
3 122 121 124 100 
6 105 90 77 95 
Injection moulded 9 68 66 63 54* 
(Tm°uld= 20°C) 12 65 66 65 59 
18 66 66 63 51* 
24 69 66 70 65 
3 126 81 54 39 
6 41 45 88 58 
Compression moulded 9 57 52 80 105 
(normal cooled) 12 124 67 128 81 
18 113 123 58 70 
24 58 40 110 125 
Table 6.2. Distance of fracture position from the gate (in mm) for single-gated injection 
moulded and compression moulded bars. The gauge length of these specimens is situated 
approximately between 60 and 125mm from the gate. In compression moulded bars the 
distance measured was from one end of the specimens. (*) these bars fractured at the 
position that was in contact with the frame bar during exposure (see text). 
is 
Fig. 6.14. Injection moulded bar that fractured in a region that was in contact with the 
frame bar during exposure. The sample was exposed for 18 weeks. 
In view of what has been presented above, it is suggested that the position of 
failure in injection moulded bars containing weld lines may depend on factors like the 
inherent weakness of the weld region, the concentration and deepness of surface cracks 
and on the local depth profile of degradation. This might be related with the strong 
dependence of PP oxidation and fracture on the distribution of chromophores and 
morphological features [Raab et al., 1990]. In comparison with single-gated samples, it is 
possible that the double-gated ones displayed lower mechanical properties when W 
exposed, due to the weakness of the weld region that contains a reduced number of 
entanglements, and due to structural effects during processing that may influence the 
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concentration of cracks generated during exposure. Unfortunately it was not possible to 
compare the extent of degradation at the weld region with a region away from the weld 
because of the difficulty in removing a suitable amount of material from a tiny area like 
the weld region. The use of attenuated total reflectance (ATR) FTIR was not possible 
either owing to the shrinkage at the surface that hindered a close optical contact with the 
mounting crystal of the equipment. The application of this technique is difficult even with 
thin films [Lacoste et al., 1995]. 
6.3.4. SURFACE FRACTOGRAPHY 
In this section the fracture surface of double gated samples will be compared with 
the single gated ones in an attempt to understand the differences in mechanical 
behaviour. Samples exposed for 6 and 9 weeks were inspected in the scanning electron 
microscope. 
6 weeks exposure 
Double gated specimens produced with a mould temperature of 20°C and exposed 
for 6 weeks failed either in the weld or away from this region. In this respect no 
significant differences were noted on the fracture topography. Fig. 6.15 shows the 
fracture surface of a bar that failed away from the weld where the fracture initiated near 
the comer of the unexposed side. The specimen also displayed zones with higher 
roughness (Fig. 6.16) but no regions with ductile material. The images given in Fig. 6.16 
were taken from the other end of the fracture surface. 
Fig. 6.15. Fracture surface of a double gated bar exposed for 6 weeks showing the 
probable site where fracture was initiated. The UV side is on the bottom. 
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The roughness of the fracture surface is associated with the intersection of 
advancing cracks coming from different planes, and it is the source of energy absorption 
during testing [Wolock and Newman, 1964]. In the region labelled with an arrow in Fig. 
6.16 the cracks were probably arrested and broke up into some parallel cracks. A single 
gated sample exposed for the same period of time showed areas similar to one of Fig. 
6.16 but some regions of ductile fracture were also present (Fig. 6.17). This feature may 
have been responsible for the higher tensile strength is this sample in comparison with the 
double gated one (Fig. 6.10). 
Fig. 6.16. Another area of the sample shown in Fig. 6.15. The exposed side in on the 
bottom. The arrow indicates a region where crack arrest probably occurred. 
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Fig. 6.17. Fracture surface of single gated PP moulded at 20°C. The UV side is at the 
top. 
The failure of a double gated sample produced at 60°C mould temperature and 
exposed for 6 weeks occurred at the weld region and was initiated from a site at the 
corner of the unexposed surface (Fig. 6.18a). In contrast, the fracture of the equivalent 
sample produced with single gate was nucleated from an internal site beside a large 
ductile region (Fig. 6.18b). Both samples developed areas of rough topography but the 
ductile zone was present only in the one prepared with single gate. Again, this can also 
be related to the differences in mechanical behaviour (Fig. 6.12). 
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(a) 
(b) 
Fig. 6.18. Fracture surface of PP moulded at 60°C mould temperature. (a) double gated, 
with the UV side on the bottom; (b) single gated, with the UV side on the top. 
9 weeks exposure 
Double gated samples moulded at 20°C fractured away from the weld region and 
showed two important features. In Fig. 6.19a there is a large flat and featureless region 
commonly known as `mirror zone" [Cantwell and Roulin-Moloney, 1989] from where 
the fracture probably initiated. This region is very typical in glassy polymers like 
poly(methyl methacrylate) and the cracks propagate with slow growth [Wolock and 
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Newman, 1964], absorbing less energy than in rough regions. Fig. 6.19b shows another 
view of the same specimen, with a band (about 300 µm thick) next to the exposed 
surface containing a large number of cracks running perpendicular to the surface. Instead 
of being arrested at the interface between the degraded skin and the (relatively) 
undegraded material of the interior, it appeared that the fracture path diverted leaving a 
rougher fracture surface. This is substantially different from what occurred with the 
single gated specimen where a crack arrest took place, a ductile band was formed, and 
the fracture was re-initiated from an internal site (Fig. 6.20). This distinction may explain 
the large difference in tensile strength between the two samples (Fig. 6.10). 
(a) 
(v) 
ý 
ýý 
Fig. 6.19. Two regions on the fracture surface of double gated PP moulded at 20°C. (a) 
the corner with the unexposed surface; (b) next to the exposed side. 
- , rte ..,. ý 
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Fig. 6.20. Fracture surface of single gated PP moulded at 20°C, with the exposed side on 
the bottom. 
The double and single gated bars moulded at 60°C and exposed for 9 weeks 
showed very similar fracture characteristics with a frame-like pattern on the periphery 
and some rough regions in the interior. In both samples the fracture initiated from an 
internal site, beside a ductile band. This similarity is also consistent with their mechanical 
behaviour (Fig. 6.12). 
6.3.5. CRACK FREQUENCY IN INJECTION MOULDED SAMPLES 
The pictures shown in Fig. 6.13 draw attention to a remarkable aspect of the 
surface damage in injection moulded PP exposed to ultraviolet radiation which is a very 
uneven distribution of cracks formed spontaneously on the surface of test bars. The 
variation in surface damage is also visible under low magnification, as shown in Figs. 
6.21 and 6.22 for a single-gated PP prepared with a mould temperature of 40°C. 
Roughly, the specimens contain two different types of regions: one with high frequency 
of cracks (similar to Fig. 6.13b) and one with low frequency of cracks (similar to Fig. 
6.13a), with a gradual transition from one region to the other. Additional observations 
were made: 
1. The existence of different crack concentrations in injection moulded PP cannot be 
assigned to the occasional presence of chromophores in certain regions of the test 
bars since the pattern of cracks was extremely reproducible among specimens from 
both the same and different moulding batches; 
2. The distribution of the two regions along the test bar did not change with the 
exposure time (Fig. 6.22), which is consistent with the observation above; 
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3. There is a back/front effect on the crack frequency, with the suaface containing the 
gate face showing a different distribution to the one opposite to the gate (Fig. 6.21). 
T"nis is not related to the rate of oxidation since specimens exposed the other way 
round displayed the same features; 
4. Similar observation were obtained with samples prepared with other mould 
temperatures. 
(a) 
(b) 
Fig. 6.21. Crack distributions in single-gated injection moulded PP exposed for 24 weeks 
(not tensile tested). The bar on the top shows the UV surface whereas the one at the 
bottom shows the unexposed side. Recall that the unexposed surface is the one 
containing the gate. 
(a) 
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Fig. 6.22. Crack distributions on the exposed suiface of single-gated injection moulded 
PP after various exposure times: (a) 24 weeks; (b) 36 weeks; (c) 48 weeks. 
To investigate the reason for the existence of a such pattern of surface cracks, a 
structural study was carried out on an unexposed bar at several distances from the 
injection gate by means of polarized light microscopy and X-ray diffraction. The 
approach was to look for variations in structural parameters that could be correlated with 
regions of low (or high) crack frequency. 
No correlation was found with the morphological characteristics (i. e., thickness of 
the various surface layers as seen in optical microscopy) nor with the crystallinity or the 
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ß-phase content. The analysis of the variation of the Allo orientation index, however, 
revealed that the regions on the test bar with low frequency of cracks are also 
characterized with lower values of orientation. This was observed on both the surface 
containing the gate and the surface opposite to it (Fig. 6.23). An uneven distribution of 
crystal orientation along the main axis of single gated PP was also detected by Trotignon 
et al. [1982] but they did not draw attention to it. In the current work the increase in 
concentration of cracks with increasing orientation was also noted when comparing 
samples prepared with different mould temperatures and in locations close to and away 
from the weld regions (Fig. 6.4 c. f. 6.5). 
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Fig. 6.23. Variation of At lo orientation index along the length of the test 
bar. (a) surface 
containing the gate; (b) surface opposite to the gate (i. e., UV side). The arrows indicate 
the regions of low crack frequency in Fig. 6.21. 
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The observations above support the idea that the surface cracks in the form of 
circular arcs which formed spontaneously during the photodegradation of injection 
moulded PP are related to the flow lines generated when processing. The probable 
correlation between the frequency of cracks and the Alto orientation index is consistent 
with the explanation given above that the shape of cracks may be connected with the 
hoop stress and stretching of fluid elements during the mould filling stage of injection 
moulding (Fig. 6.7). 
6.4. CONCLUSIONS 
1. The pattern of cracks on the surface of the samples followed the flow lines during 
mould filling and resemble the fountain flow in double gated specimens; 
2. The concentration of surface cracks generated spontaneously during exposure is not 
constant along the length of the injection moulded bars. Regions of lower crack 
frequency were correlated with low orientation; 
3. The surface damage increased with mould temperature, possibly resulting from 
differences in orientation at the surface; 
4. The mechanical properties of double gated samples increased with mould 
temperature, probably reflecting an increase in the intermixing at the weld region; 
5. The tensile strength was generally lower for double gated specimens than for single 
gated ones exposed for the same period of time. The strength in double end gated 
specimens fell to a minimum in 6-9 weeks; it took about 3 or 4 times as long for 
single end gated bars to fall to the same level. The fracture surface topography of 
selected samples were consistent with the results of mechanical behaviour; 
6. There seems to be a complex array of variables to define the position of failure in 
injection moulded bars, and it can even occur in regions not directly exposed by 
ultraviolet radiation. 
7. PHOTODEGRADATION OF TALC-FILLED POLYPROPYLENE 
7.1. INTRODUCTION 
This chapter deals with the photo degradation of polypropylene composites. Two 
grades containing 20% and 40% talc were studied and the results compared with unfilled 
PP moulded and exposed under the same conditions. 
Very briefly, some aspects of composite materials will be reviewed below. 
7.1.1. POLYMER COMPOSITES 
The use of fillers to improve the performance of polymers and/or reduce the costs 
of the products has become common practice. Among the properties most affected by 
the presence of fillers are: tensile and impact strength, elongation, hardness, heat 
distortion temperature and melt rheology [Nielsen, 1974; Clegg and Collyer, 1986]. 
Other aspects influenced by foreign particles but still of fundamental importance to 
practical applications are: colour, wear, surface finish and electrical properties [Nielsen, 
1974]. The properties achieved with a composite material depend (i) on the particular 
combination of components and (ii) on the compounding and processing techniques and 
conditions. The combination of components, including the presence of coupling agents to 
improve the interfacial bond strength, define aspects such as the adhesion of the polymer 
matrix to the filler particles and aspect ratio of the filler [Richardson, 1977; Gupta et al., 
1989]. Compounding and processing, on the other hand, affect the degree of dispersion, 
mechanical degradation of fibrous fillers and filler orientation in the moulded product 
[Bright et al., 1978; Friedrich and Karger-Kocsis, 1989]. 
The most common fillers incorporated into polypropylene are carbon black, 
calcium carbonate, glass fibres and beads and talc [Gachter and Muller, 1985]. In 
particular, talc is one of the most frequently used fillers due to its low cost and the 
relatively good properties achieved with the combination. As a particulate-flaky filler, the 
presence of talc in polypropylene imparts an increase in elastic modulus and a decrease in 
maximum elongation and impact strength [e. g., Ramos et al., 1991; Maiti and Sharma. 
1992, Svehlova and Poloucek, 1994]. The tensile strength can be higher or lower than 
the unfilled polymer, depending on the particle size, dispersion, volume fraction, and on 
the filler-matrix interaction. To improve the adhesion with polypropylene, several 
coupling agents have been applied on the talc surface, mainly based on silanes [e. g.. 
Sadler and Vecere, 1995] and titanates [e. g., Ramos et al., 1991; Maiti and Sharma, 
1992]. The main applications of talc-filled polypropylene compounds include 
components for electrical and automotive industries, domestic appliances. etc. 
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Detailed description of the mechanical behaviour of composite materials and 
mechanisms of reinforcement is beyond the scope of this work. General information on 
this theme can be found on textbooks like those by Richardson [1977], Hull [1981], 
Folkes [1982] and Clegg and Collyer [1986]. 
7.1.2. STRUCTURE OF TALC-FILLED POLYPROPYLENE 
Besides modifying the physical properties of polymers, fillers also have a great 
effect on the crystallization behaviour of semi-crystalline polymers, influencing both the 
morphology and the kinetics of crystallization [e. g., Campbell and White, 1984; Acosta 
et al., 1986; Avella et al., 1988; Khunova et al., 1988]. The general trend for the 
introduction of fillers is to increase the rate of crystallization of the polymer and to 
reduce the crystal sizes. Sometimes a transcrystalline layer can be formed [Quillin et al., 
1993; Varga and Karger-Kocsis, 1994] which imparts a different morphology to the 
polymer matrix close to the filler and may also change the adhesion [Folkes and 
Hardwick, 1990]. As a result of the nucleating activity of the fillers and the rheological 
properties of the composites, an increase in molecular and crystal orientation can arise. 
This is particularly pronounced with fibrous fillers [Chen et al., 1992]. A brief description 
of the effect of talc on PP structure follows. 
It is well known that talc is a strong nucleating agent for isotactic polypropylene, 
increasing the temperature of non-isothermal crystallization when incorporated in 
concentrations as low as 0.5% [Fujiyama and Wakino, 1991b]. Therefore, talc affects the 
crystallization of polypropylene when used either as a nucleating agent or when used in 
higher concentrations, as a filler. The effect of talc on the orientation of PP was studied 
by Rybnikar [1989] at relatively low concentrations (5 and 10%) in injection moulded 
samples. He confirmed the nucleating activity of talc and observed that the high 
orientation of PP crystals is maintained after melting, as revealed by X-ray diffraction. 
This was further investigated by Fujiyama [1992a], who reported that after melting and 
recrystallization, the orientation of talc particles and the b-axis of PP are restored but the 
c- and a*-axes become unoriented in a plane parallel to the moulding surface. He 
observed [Fujiyama, 1992b] that this phenomenon does not happen with other flaky 
fillers (mica and glass flakes) and suggested, after discarding the other possibilities (i. e., 
crystal matching, transcrystallization, epitaxy and nucleation effects), that talc influences 
a certain kind of remote interaction on the crystallization of PP. 
Fujiyama and Wakino [ 1991 a; 199 lb; 1991 c] carried out an extensive study of the 
crystal orientation of injection moulded talc-filled polypropylene. They found that the b- 
axes of PP monoclinic crystals are strongly oriented to the thickness direction and the c- 
and a*-axes are bimodally oriented parallel to the machine direction (main axis of the 
bar). In disagreement with observations obtained by Morales and White [1988] they 
reported that the orientation is much stronger in talc-filled PP than in the unfilled 
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material. The model proposed by Fujiyama and Wakino for the crystal orientation state 
was reproduced in Fig. 4.5. They suggested that the structure obtained is a consequence 
of talc particles that are oriented parallel to the surface, causing transcrystalline growth. 
The increase in the crystallization temperature means that solidification occurs sooner, 
allowing less time for the relaxation of melt orientation. They also investigated the 
effects of processing on the skin/core morphology, reporting that polymer orientation 
decreases with processing temperature, distance from the gate and distance from the 
surface. By comparing different nucleators, they concluded that the difference between 
skin and core decreases when the nucleating activity is greater. 
The orientation of basal planes of talc and PP crystals parallel to the moulded 
surface was also reported by Alonso et al. [1993; 1995] with compression moulded 
samples where no preferential flow takes place. The orientation of PP crystals was 
evaluated by the relative intensities of X-ray diffraction from the planes (040) and (110) 
which showed a maximum for 10% talc. They argued that irregularities on the talc 
surface cause the orientation of PP, with the (040) planes piling on the talc particles, in a 
similar way to that proposed by Lim and White [1993b] for talc-filled polyethylene. The 
nucleating activity of talc on the crystallization of PP was observed by an increase in the 
crystallization temperature. 
Pukanszky et al [1994] tried to correlate changes in the structure of polypropylene 
caused by the addition of talc and CaCO3 the mechanical properties. Talc influenced 
the structure much more than did CaCO3, by reducing crystal size and increasing the 
crystallization temperature and degree of crystallinity (similar results were obtained by 
Varga and Toth, [1991]). The mechanical properties were also better for talc-filled PP. 
Based on measurements of work of adhesion and strain energy release rate, they 
recognised that despite the fact that talc has a much stronger influence on both PP 
structure and properties, the correlation is not straightforward since particle anisotropy 
and orientation have a more pronounced effect on tensile properties than has nucleation. 
McGenity et al. [1992], on the other hand, suggested that the poorer impact properties 
of talc filled PP in comparison with CaCO3 PP was due to the higher orientation of 
PP crystals and the lower content of ß-phase in talc filled PP. 
7.1.3. DEGRADATION OF POLYMER COMPOSITES 
Polymer composites products are often exposed to aggressive service 
environments including chemicals, high temperature or ultraviolet radiation, which may 
cause deterioration of their mechanical properties. When a composite material is in 
contact with a source of degradation, the damage may occur in the matrix, in the filler, or 
in the interfacial region [Morgan, 1987; Bank et al., 1995], causing substantial property 
deterioration when compared to the unexposed material. The presence of fillers may 
enhance or inhibit the matrix degradation and can also interfere xNith the effectiveness of 
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stabilizers [Davidson and Stewart, 1985; Handegan, 1993; Hu et at, 1994] and cross- 
linking promoters [Nikolova and Mateev, 1991; Bataille et al., 1994]. These effects may 
result from the presence of surface active sites in the fillers, including coupling agents 
and impurities, that affect the rate and mechanisms of chemical degradation. A survey on 
the test methods to assess the degradation of polymer composites was published recently 
by Bank et al. [1995]. They suggested that when choosing a method one must bear in 
mind which phase (matrix, filler or interphase) is being degraded. 
Davis and Sims [1983] cited a number of works based mainly on polyester and 
epoxy composites that indicate that the most common source of deterioration of 
composite properties is the contact with water or moisture that causes internal 
microvoids in the matrix and reduces the adhesion between the components. This effect 
depends on the surface finish of the fibres and on temperature, and can be diminished by 
applying a gel coat or painting the surface of the composite. Blaga and Yamasaki [1973] 
and Blaga [1972], on the other hand, demonstrated that the spontaneous crack formation 
in glass fibre/polyester composites occurred mainly in the interface and was related to 
cyclic exposure to moisture and/or temperature rather than moisture by itself. They 
explained that this effect is the consequence of different properties of the components 
(like swelling and thermal expansion) that result in a mechanism of stress corrosion, also 
pointed out by Menges and Lutterbeck [1984]. Chateauminois et al. [1994] suggested 
that the degradation of the interface occurs in sorption steps when the matrix is close to 
saturation The damaging influence of moisture on mechanical behaviour of polymer 
composites was also observed by several other workers [e. g., Browning. and Whitney, 
1974; Cope and Eurin, 1976; Birger et al., 1989; d'Almeida, 1991; Schutte et al., 1994; 
Gaur et al., 1994; Selzer and Friedrich, 1995]. At least in one case, however, the contact 
with humidity improved the mechanical properties: in a Kevlar/epoxy composite, due to 
the relieving of internal stresses generated during production of the sample [Roylance 
and Roylance, cited by Davis and Sims, 1983] 
The gamma radiation-induced degradation of polymer matrix composites was 
observed by Egusa [1988] in epoxy and polyimide filled with glass and carbon fibres. 
They stressed that the dose-dependence of the composite strength is determined by the 
matrix degradation. More recently, Bataille at al. [1994] observed that elongation and 
modulus of calcium carbonate-filled PVC are reduced with gamma radiation dose 
whereas these properties of the unfilled polymer are insensitive to the radiation under the 
dose range applied. 
Thermal degradation of polymer composites is the one of the main concerns both 
because processing takes place at high temperatures and because these materials are 
often designed for applications at higher temperatures. It is well known that additives 
like pigments, lubricants, etc., or residues of catalysts can act as initiation sites during 
thermo-oxidation of polymers [Carlsson and Wiles, 1976; Zaikov and Polishchuk, 1993]. 
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The same can occur in the presence of fillers, causing an increase in the number of 
chromophores that accelerate the degradation during processing or during the final use 
of the product. This was observed with E-glass fibre [Larena et aL, 1992], that 
accelerated the thermal degradation of PP melts. The source of thermal degradation 
induction effect may be the filler itself [Thomason, 1993], impurities contained in the 
filler [Toermaelae et al., 1986] or the sizing that is commonly applied on the surface to 
improve adhesion which has a limited thermal stability [Pape and Plueddemann, 1991; 
Mascia and Zhang, 1995]. Degradation during processing may be desirable, as in the 
case of polyethylene filled with cellulose [Sapieha et al., 1989]. In this instance, the filler 
degrades during processing and the free radicals couple with the free radicals generated 
in the polymer chain improving adhesion. A similar approach was adopted by Varghese 
et al. [1994] by means of thermal, y-radiation and ozone degradation to improved 
adhesion of sisal fibre to natural rubber. 
In the thermal oxidation of solid composites Jiangqing et al. [1991] obtained more 
degradation in PP/CaCO3 systems than in unfilled PP due to poor dispersion of heat 
stabilizers. A similar result but a different interpretation was given by Hu et al. [1994] 
who considered the absorption of stabilizer molecules by the filler as the cause of a 
reduction in efficiency. The importance of filler dispersion was verified by Ignatov and 
Vasnev [1993], who polymerized thermoplastic polyesters in the presence of graphite. 
Besides obtaining better mechanical properties, they also observed a much lower thermal 
degradation when compared with the same compositions made by mechanical mixing. 
They attributed the results to a higher molecular weight of the initial polymer and better 
polymer-filler interaction. The effect of filler surface treatment was studied by Joseph et 
al. [1995]. They observed that polyethylene-sisal composites present much better 
resistance to both thermal and hydrolytic exposures when the filler is previously treated 
with a good coupling agent. Tsotsis [1995] highlighted the importance of test procedures 
to evaluate the thermal oxidation of polymer composites by noting that substantial drop 
in mechanical properties of epoxy/carbon composites occurred before any significant 
weight losses during accelerated thermal ageing. 
Bryk [1991] explained that the thermo-oxidation of polypropylene is sensitive to 
the surface chemistry and concentration of certain fillers due to (i) the interactions of 
polymer segments with the solid surface promoting thermal cleavage of the tertiary 
bonds, and (ii) catalytic effects of fillers on the decomposition of hydroperoxides. 
A number of studies carried out on artificial and natural photodegradation of 
polymer composites have indicated that the influence of fillers on the extent of chemical 
photodegradation varies widely, according to the combination of polymer and filler. Just 
[1990] reported a detrimental effect of CaCO3 in polypropylene (PP) photo degradation 
(evaluated by mechanical properties) as a result of crack sensitivity due to inadequate 
bonding between the filler and polymer. The same tendency was obtained by Jiangqing et 
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al. [1991] and they attributed the increase in the rate of photo-oxidation to impurities 
present in the filler that may act as chromophores. Peter et al. [1991] reported that a 
decrease in the photo- and thermal-stability occurred when glass fibre was added to 
stabilized PP. Rysavy and Tkadleckova [1992] investigated the surface photo-oxidation 
of PP filled with talc and CaCO3 and observed that the depth of the degraded layer 
decreased with increase in filler and stabilizer content. Narisawa and Kuriyama [1994] 
studied the natural and artificial photo degradation of fibre reinforced engineering 
thermoplastics and reported that filled grades are more resistant to weathering, evaluated 
by the reduction in mechanical properties. This agrees with previous results obtained by 
Qayyum and White on the outdoor exposure of glass fibre-polystyrene and 
poly(ethersulphone) [1990] and polypropylene compounds [1989]. These authors also 
observed that the reduction in molecular weight caused by weathering was less for the 
filled polymers. More recently, Casu and Gardette [1995] reported that the photo- 
oxidation rate of poly(butylene terephthalate) containing 30wt% of glass fibres is about 
70% of that for the unfilled polymer, and this was attributed to the low penetration of 
UV radiation into the sample. They also showed that the mechanisms of photolysis and 
photo-oxidation do not change when glass fibre is present. 
Polymer degradation often results in poor surface appearance that, very frequently, 
makes the product unserviceable long before any significant depreciation in mechanical 
properties takes place [Davis and Sims, 1983]. 
Aim of this chapter 
Although much work has been reported in the field of polymer composites 
degradation, very little concerns the photo-oxidation of filled thermoplastics. 
Considering the increasing outdoors use of these materials it is of fundamental 
importance to determine their weathering behaviour as can be done by means of artificial 
UV exposure. The aim of the investigation reported here was to determine the 
degradation behaviour of two talc filled grades of polypropylene under controlled UV 
exposure. Samples exposed for up to 26 weeks under continuous UV radiation were 
tested for mechanical properties and studies made of surface fractography, changes in 
transition temperatures and crystallinity. The results were correlated with changes in 
molecular weight and formation of carbonyl groups and comparisons made with similar 
observations on the unfilled polymer. 
7.2. EXPERLIIENTAL 
The materials and processing conditions applied here have been described before 
(chapter 3). Exposure and testing procedures also followed the description presented in 
the same chapter. The materials were then characterized for mechanical properties, DSC, 
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infrared spectroscopy and GPC. FTIR scans of pure talc (Fig. 7.1) revealed that both 
carbonyl and reference peak positions are well separated from the prominent absorption 
of talc, and hence, the same procedures as those used to estimate the carbonyl index of 
unfilled PP were applied here. The orientation of the as-moulded material was assessed 
by means of X-ray diffraction and pole figure analysis. In the latter two Bragg angles 
were chosen, corresponding to the (040) planes of polypropylene and (003) planes of 
talc. 
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Fig. 7.1. Infrared spectroscopy of pure talc. 
7.3. RESULTS AND DISCUSSION 
7.3.1. ORIENTATION OF THE AS-MOULDED MATERIAL 
Fig. 7.2 shows diffractometer traces from a composite bar and indicates that the 
intensity from PP (040) planes as well as the reflections due to talc differ substantially 
according to the direction of the X-ray beam reaching the sample. It is evident that the b- 
axis of PP crystals is strongly oriented towards the direction perpendicular to the surface 
(normal direction), which fits the model presented by Fujiyama and Wakino (Fig. 4.5). 
The figure also shows that the (OV) cleavage planes of talc are aligned parallel to the bar 
surface, which means that the slab-like talc particles have this preferential orientation. 
This deduction is supported by pole figure analysis of talc reflections (Fig. 7.3a), where it 
is clear that (00)) planes of talc are strongly aligned towards the normal direction. When 
the sample is tilted during the analysis to an angle of about 40° (dashed circle in Fig. 
7.3a), the reflections virtually disappear. 
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Fig. 7.2. Diactograms of 40% talc-filled PP from various directions' defined in the 
inset. The reflections labelled as "*" are not due to talc [Grindley and Brown, 1980], 
being probably due to chrysotile or chlorite, common contaminants in talc. The grade 
containing 20% talc showed essentially the same characteristics. 
The (040) planes of PP followed the orientation of the talc particles (Fig. 7.3b), 
though the alignment with the normal orientation was not quite as strong. These analyses 
also confirm early findings that talc affects the orientation of PP crystals [Rybnikar, 
1989; Fujiyama and Wakino, 1991b, 1991a]. The use of pole figures to follow the 
orientation of a filler in a polymer composite was also applied successfully by Monge et 
al. [1987] and by Lim and White [1990; 1993a]. It seems to be a very useful method to 
correlate the nucleating effects of the filler on polymer crystal orientation. By comparing 
the pole figures presented here with those for unfilled PP presented in chapter 4 (Fig. 
4.6) it is evident that PP crystals in the composite are much more oriented to the normal 
direction, which is consistent with pole figure results presented by Chen et al. [1992], 
obtained in an earlier study in this laboratory. The strong orientation of PP was found to 
occur for some distance from the surface. X-ray analysis after removing layers 
(increments of 0. lmm) showed that the diffraction from PP (040) planes was much more 
intense than that from (110) planes down to a depth of 1.2mm This is more than 3/4 of 
I The results presented here are different from those obtained by Fujiyama and Wakino [1991b], in 
which (040) and (001) planes of PP and talc, respectively, are much weaker in THRU direction. 
Nevertheless, they interpreted that these planes are aligned parallel to the sample surface. The results 
shown above are in agreement with those obtained by Morales and White [1988] and by Alonso et al. 
[1995]. 
5 10 15 20 25 30 35 
206 
the sample (in the thickness direction) with a very strong crystal orientation (given that 
the midplane is located 1.5mm from the surface). 
AAFT% 
Fig. 7.3. Pole figures obtained from the moulded surface of 40% talc-filled PP. (a) talc 
(003) and (b) PP (040) planes. 
7.3.2. EXTENT OF DEGRADATION 
FTIR and GPC experiments were conducted on samples removed to a depth of 
0.2mm from the UV-exposed surfaces of bars. Fig 7.4 shows that before exposure the 
carbonyl group content in talc-filled PP is higher than in the unfilled polymer. This is 
probably a result of the extra thermal history of compounding that was imposed on the 
filled grades and/or due to some additive (such as a processing aid) that may accelerate 
the thermal degradation during injection moulding [Carlsson and Wiles, 1976]. The 
higher number of carbonyl (and hydroxyl) groups in the as-moulded material accelerates 
the photooxidation of the polymer [Vink, 1983]. This occurs at low irradiation times. 
The stabilizing effect of talc is evident from the inversion of this trend after about 9-12 
weeks exposure. Two reasons may be responsible for this effect. (i) The talc particles 
reflect the ultraviolet light, limiting its penetration through the sample, as shown in Fig. 
3.4. This screening effect may be enhanced by the strong orientation of basal planes of 
talc parallel to the exposed surface, as was evidenced from pole figure analysis (Fig. 7.3). 
(ü) The permeability of oxygen through polymers is reduced when a filler is present 
[Barrer, 1968]. Fig. 7.5 suggests that the diffusion path is increased when oriented 
particles are present, which occurs near the surface of talc-filled PP. Accordingly, the 
rate of polypropylene photo-oxidation is reduced as the result of reduced oxygen 
concentration and UV intensity [Gardette, 1995]. 
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Fig. 7.4. Evolution of carbonyl groups in talc-filled polypropylene. 
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Fig. 7.5. Schematic representation for the diffusion of oxygen through the composite 
with (a) unoriented particles and (b) oriented particles. The diffusion rate decreases with 
increase in the filler content, aspect ratio and orientation. 
The same trend as observed for the carbonyl index was obtained for molecular 
weight measurements, as shown in Fig. 7.6, although the crossover occurred at about 5 
weeks. From the infrared and GPC results, it becomes evident that (i) the stabilizing 
effect of talc is weakly related to the concentration of filler in the composite (at least 
with the two concentrations used) and (ii) the talc does not have a pro-oxidant effect on 
the photodegradation of polypropylene or, if it has, this is outweighed by the screening 
effect. 
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Fig. 7.6. Molecular weight measurement results (Mw) for talc filled PP: (a) 20% talc and 
(b) 40% talc. The results are compared with those for unfilled PP and are plotted in two 
graphs for clarity. 
7.3.3. MECHANICAL BEHAVIOUR AND FRACTURE 
As occurred with unfilled PP, the mechanical properties of talc-filled grades are 
reduced by exposing to UV radiation. This occurs due to cracks formed at the surface of 
the bars and due to the scission of tie molecules. Fig. 7.7 displays the effect of exposure 
time on the tensile strength. Compared with the unfilled grade, the tensile strength of the 
composite materials under study is much less affected by photo degradation, despite the 
fact that the extent of degradation near the exposed surface is not very different (Figs. 
7.4 and 7.6). The reason for this disparity may be related to the depth profile of 
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degradation. It was shown before (chapter 4) that PP degradation takes place on both 
UV-exposed and back surfaces, leading to surface cracks on both sides of the tensile bars 
when a tensile stress is applied, as was revealed by the SEM pictures. Talc-filled PP, on 
the other hand, has a much higher absorption coefficient of UV light (Table 3.2), which 
limits the photodegradation to the region near to the surface facing the UV source only 
(see Fig. 7.17, later). The consequence is a very damaged exposed surface and an 
unexposed surface virtually free from cracks induced by photodegradation even after 
conducting a tensile test. The superior mechanical behaviour of these materials, 
therefore, is presumed to be because (i) cracks that initiate fracture and contribute to 
reduction in mechanical strength are located on one side of the sample only, and (ii) the 
degraded layer is thinner. Yet another reason for the reduction in sensitivity of 
composites towards ultraviolet radiation relates to the effect of crack arrest by the talc 
particles [Xavier et al., 1990] as the cracks propagate from the surface to the centre. 
This important toughening mechanism is virtually unchanged by UV exposure [Qayyum 
and White, 1990]. The presence of surface cracks and little reduction in mechanical 
properties during the photo degradation of talc-filled PP has been reported recently by 
Chinelatto and Agnelli [1995]. 
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Fig. 7.7. Effect of exposure time on the tensile strength. 
Fig. 7.8 gives maximum elongation in tensile tests after various exposure times. 
This property is more sensitive to the photo degradation effects than the tensile strength 
and the results are consistent with those displayed in Fig. 7.4 for the carbonyl index. 
From Figs. 7.7 and 7.8 there is an indication that some recovery in tensile properties also 
occurs with talc-filled PP, but not as evident as with other materials studied so far. 
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Fig. 7.8. Variation in maximum elongation with exposure time. 
SEM Analysis of Unexposed 40% Talc-Filled PP 
Samples fractured under tensile testing were examined in the scanning electron 
microscope and images were recorded at the locations indicated in Fig. 7.9. 
0 00 
Fig. 7.9. Schematic view of the fracture surface. When irradiated samples were inspected 
in the SEM, the exposed surface was the one at the bottom of the field of view. 
Most of the fracture surfaces from unexposed bars broken in uniaxial tension 
exhibited a brittle mode of failure with the exception of a zone within region A, shown 
on the right-hand side in Fig. 7.10a. The ductile region is shown at higher magnification 
in Fig. 7.10b. Fig. 7.1 la was taken adjacent to the top left of Fig. 7.10a and shows a 
transition from ductile to fragile fracture. Fig. 7.1 lb shows a high magnification image of 
the central part of the area shown in Fig. 7.11a. The talc particles are clearly seen and are 
strongly oriented at an angle of about 45° to the horizontal. On scanning along the 
fracture surface it was revealed that the orientation angle of the particles changed 
continuously and regularly, giving an elliptical pattern around the centre, similar to that 
observed by Xavier et al. [1990] with mica-filled PP. Fig. 7.12 shows the other end of 
the fracture surface (region B in Fig. 7.9), with talc particles tilted correspondingly. The 
central part of the fracture surface contains unoriented particles with some of them with 
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the cleavage plane parallel to the fracture surface and therefore nearly normal to the 
moulded surface (Fig. 7.13a). This is consistent with the results obtained from X-ray 
diffraction already presented. From this figure it can be seen that the adhesion between 
the filler and the matrix is fairly good although there are some cavities that may be 
related to debonding during the fracture process, especially on the particles normal to the 
moulded surface. At first sight it appears that the coupling is non uniform since some 
particles show a residual layer of matrix while others have a very smooth surface. 
However, delamination of talc can occur during the fracture as seen in Fig. 7.13b and 
this, rather than debonding, is likely to be the cause of the smoothness, and also may be 
responsible for the cavities left behind. This effect is the consequence of easy 
delamination of the particles on the (001) cleavage planes of talc [Berry et al., 1983]. 
(a) 
(b) 
Fig. 7.10. Region of ductile fracture. (a) lower magnification; (b) detail of the fibrillar 
texture taken from the centre of (a). 
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(a) 
(b) 
Fig. 7.11. Fracture surface in region A in Fig. 7.9. (a) low magnification; (b) higher 
magnification from the central part of (a). 
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Fig. 7.12. SEM picture of the region B in Fig. 7.9. 
(a) 
(b) 
Fig. 7.13. (a) SEM picture of the region C in Fig. 7.9. (b) just 
delamination of talc particle (marked with arrows on both pictures). 
below (a), showing a 
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SEM Analysis of 40% Talc Filled PP Exposed for 12 Weeks 
The fracture surface of this sample was remarkably different from the one obtained 
with an unexposed bar from the same batch. A relatively smooth band with a thickness of 
around 250µm was present near the exposed surface (Fig. 7.14). A similar feature was 
observed in the unfilled grade (Fig. 4.25) and it is likely to be related to the easy crack 
propagation within the degraded layer. This feature was not present on the side of the 
fracture surface adjacent to the unexposed surface. The appearance near the unexposed 
surface was therefore that expected for a surface virtually free from degradation effects. 
Some other similarities with the unexposed sample appeared, such as a small ductile 
region (shown in Fig. 7.14). 
Fig. 7.14. Fracture surface of 40% filled grade exposed for 12 weeks. The UV side is at 
the bottom. Compare with the picture shown in Fig. 7.10a. 
The moulded surface facing the UV radiation of the bar shown in Fig. 7.14 
developed a pattern of coarse cracks lying predominantly in two almost orthogonal 
directions, and some fine cracks which are almost exclusively in one direction (Fig. 
7.15a). The pattern of linear cracks forms nearly circular arcs but is not developed as 
strongly as in the unfilled polymer (see, for instance, Fig. 4.23). The cracks are 
approximately perpendicular to the flow direction. Details of the cracks at high 
magnification are shown in Fig. 7.15b. At this magnification the talc particles are easily 
visible because of matrix erosion caused by photo-oxidation and it is evident that their 
orientation is predominantly parallel to the surface. The erosion of the matrix did not 
seem as severe in fibre-filled polymers [Qayyum and White, 1989,1990]. From Fig. 
7.15b it is evident that the fissures are much less deep than in the unfilled polymer. 
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(a) 
(b) 
Fig. 7.15. (a) Exposed moulded surface of a sample exposed for 12 weeks taken at about 
1/3 of the width from the left edge. (b) detail of cracks in another region of the bar. The 
vertical is the moulding direction. 
7.3.4. DIFFERENTIAL SCANNING CALORIlVETRY 
7.3.4.1. Melting Temperatures 
DSC scans were used to evaluate the effects of UV exposure on transition 
temperatures and melting enthalpy. Firstly, the melting temperatures (Tm) for the 
unexposed filled samples were slightly higher than for the unfilled polymer (Fig. 7.16). 
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Presumably, this results from the nucleating effect of talc, that enhances the structural 
stability of the crystals. The melting temperatures on both first and second meltings 
showed a progressive decrease with exposure time for all three types of materials (Fig. 
7.16). At low exposure times the talc-containing grades exhibited a greater decrease in 
Tm than the unfilled PP, then there was a crossover at longer exposures. These results are 
consistent with those obtained by infrared and GPC shown above and, especially on the 
second heating, indicate that the talc particles have a stabilizing influence. As already 
discussed (chapters 4 and 5), the second melting temperature is apparently a better guide 
to the degradation state of the polymer since the reduction of T. in the first melting also 
depends on crystal sizes. 
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Fig. 7.16. Melting temperatures of talc-filled PP on (a) first heating and (b) second 
heating rim. 
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Fig. 7.17 shows that degradation in filled PP (assessed by the second melting 
temperature) is restricted to a region near to the exposed surface, as was expected from 
the high UV absorption coefficient of these materials in comparison with the unfilled 
polymer, which showed high rates of degradation near both the exposed and the 
unexposed sides of the bar. Similar behaviour was observed by ODonnell and White 
[1994a] who measured the variation of molecular weight through the thickness of glass 
fibre reinforced PP. 
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Fig. 7.17. Depth profile of melting temperature (second run) for sample exposed for 18 
weeks. 
7.3.4.2. Crystallization Temperature 
The ability of talc to nucleate PP crystals is reflected by an increase in the non- 
isothermal crystallization temperature, T, Fig. 7.18 shows that an increase of more than 
20°C in T, takes place when talc is added to PP (see results for 0 weeks exposure). Even 
after extensive degradation talc is still a very strong nucleating agent for PP, yielding 
values of Tc much higher than for the unfilled polymer after the same exposure time. 
From Fig. 7.18 it seems that the difference in Tc between the filled and unfilled polymer 
decreases with time under exposure. This may be a consequence of chemical changes in 
the polymer chain introduced by photo degradation that decrease the affinity of the 
molecules for the talc particles. The results for the talc contents of 20% and 40% were 
almost indistinguishable. Previous studies have shown that for talc concentrations up to 
ca. 5wt% the crystallization temperature of PP increased considerably but further 
additions showed little effect [Rybnikar, 1982; Menczel and Varga, 1983 ]. The 
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interpretation offered was that a small amount of talc is nucleation active in 
polypropylene. 
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Fig. 7.18. Crystallization temperature of talc-filled PP after various UV exposures. 
7.3.4.3. Melting Enthalpy 
The effect of photodegradation on the enthalpy of unfilled and of talc-filled PP is 
displayed in Fig. . 7.19. The enthalpy on the first melting increases and then reaches a 
steady value after about 12-18 weeks exposure in each of the three materials. The reason 
for the increase in enthalpy is probably a consequence of increased crystallinity resulting 
from crystallization of chain segments released from entanglements by chain scission. For 
longer exposures the chemical irregularities along the chains hinder further ordering and 
a steady value of enthalpy is obtained. The higher rate of increase in enthalpy during 
short-time exposure for the material containing 40% talc is consistent with the results 
shown above for the extent of degradation (Fig. 7.6), considering that in the early stages 
the rate of increase in enthalpy is expected to increase with decrease in molecular weight. 
An increase in the DSC crystallinity of composites based on polyolefins was also 
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observed by Byershtein et al. [1989] for radiation-thermal exposures. 
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Fig. 7.19. Melting enthalpy of (a) 20% and (b) 40% talc-filled PP. The values measured 
were corrected to the concentration of polymer in the composite. The inset picture in (b) 
is the corresponding AH,,, plot for unfilled PP. 
The importance of these results is that the general shape of the curve and even the 
values obtained are very similar to those of unfilled PP (inset picture in Fig. 7.19b) at the 
steady part of the curve. Recognising that the mobility of the polymer molecules is highly 
restricted in the presence of rigid fillers [Manson and Sperling, 1976] and this imposes 
restrictions on the crystal growth [Folkes et al., 1993], the above observation seems to 
indicate that the process of chemi-crystallization involves preferentially short-range 
motions rather than a complete change in polymer conformation to fit into the crystals. 
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Fig. 7.19 also gives the measurements of enthalpy during the second melting run. 
Firstly, it is evident that the conditions of re-crystallization in the DSC favour the 
development of much higher crystallinities than the injection moulding procedures for the 
unexposed materials, possibly due to the high cooling rates during injection moulding. 
The relation between the second melting enthalpy and time of exposure follows the same 
trend as the unfilled sample, because the combined influence of chemical irregularities 
and reduction in molecular weight that affect this property, as discussed in chapter 4, 
should also apply here. 
7.3.4.4. Melting Thermograms 
The melting thermograms of 40% talc-filled PP revealed a remarkable difference 
from the unfilled polymer. It was shown before (section 4.3.5. )) that the weathered 
unfilled PP showed a single peak in the first melting and a double peak in second melting 
and that this double peak was more pronounced for samples exposed for 6 and 9 weeks 
than for those exposed for shorter or longer times. With the grade containing 40% talc 
the first melting appeared as a double peak and the second as a single peak. Again, the 
double peak nature was more pronounced with the samples exposed for 6 and 9 weeks 
(Fig. 7.20). 
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Fig. 7.20. Typical thermograms of 40% talc-filled PP (first melting run). 
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Explanations offered in the literature for the occurrence of double peaks in 
degraded composites include the proposal that the melting point of the crystals formed 
during degradation is lower [Buggy and Carew, 1994], and/or that melting and 
recrystallization occurs during the DSC experiment [Blundell, 1987]. These explanations 
may not be suitable for the materials studied here since a double endotherm on the first 
melting was not observed in the unfilled and in the 20% talc grade (see later). 
Two alternative reasons for the double peak are offered here. (i) It may be the 
result of the existence of different extents of degradation at different depths within the 
sample removed from the exposed bar. Due to the limited UV and oxygen penetration 
through the composite, the specimen analyzed (a 0.2mm layer) may contain sub-layers 
much less than 0.2mm thick that have quite different extents of degradation. A sample 
that has a mixture of different molecular species (with different degradation extents), 
may possess regions with different melting points. (ii) The double peak may result from 
different rates of degradation near and far from the talc particles. This is because the UV 
radiation (and possibly the oxygen) may be more accessible to a region far from the 
particles and, therefore, the crystals there will exhibit higher reduction in melting 
temperature in comparison with the crystals near the particle, hence the double peak. 
Although the second explanation is not ruled out, the first one seems to be the 
more likely. The depth resolution is limited by the difficulty in removing a satisfactory 
thin sample and by the quantity of material required for satisfactory characterization. A 
layer thickness of -0. lmm is achievable, and Fig. 7.21 shows results for layers removed 
from 0-0. lmm and 0.1-0.2mm depth respectively. They display only single peaks, 
displaced from one another, with melting temperatures close to those obtained previously 
with a 0.2mm thick layer. In prolonged exposures there is a reduction in the rate of Tm 
decay (Fig. 7.16) and, consequently, a tendency towards more uniform damage in the 
crystals at all depths within the region sampled (0.2mm from the surface), which explains 
the reduction in the melting range (and reduction in intensity of the second peak) for 
longer exposures. Despite the problems associated with the depth-varying composition, a 
sample thickness of 0.2mm was chosen as standard since a lower thickness does not yield 
sufficient material for consistent characterization. 
From the DSC thermograms the melting range was derived as the width at half 
peak height, and the values obtained for the materials studied here are displayed in Fig 
7.22. This parameter is related to the distribution of crystal thickness and/or perfection; 
the narrower is the peak, the more uniform are the crystals within the material. Higher 
values of melting range are achieved for samples that yielded more pronounced double 
peaks: composites with 40% talc, exposed for 6-9 weeks. In Fig. 7.22 it is shown that 
composites with 20% talc have a similar dependence of the melting range on the time of 
exposure as the 40% talc composites. The maximum value of this parameter, however, is 
lower for the 20% talc material and none of the samples studied gave a double peak on 
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the first melting. It is likely that the same mechanism as given above applies for the 20% 
talc material but the gradient of chemical degradation near the surface should be less 
steep than for the composite containing 40% talc, simply due to a lower UV absorption 
coefficient (Table 3.2). 
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Fig. 7.21. First melting thermograms of 40% talc filled PP exposed for 9 weeks. Samples 
removed from depths: 0-0. lmm (a) and 0.1-0.2mm (b) from the UV surface. (c) is the 
original sample, with a thickness of 0.2mm. 
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Fig. 7.22. Effect of exposure time on the melting range of 20% and 40% talc-filled PP. 
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The fact that the second melting yielded single peaks instead of double peaks is 
probably indicative of an absence of phase segregation during re-crystallization. The 
presence of molecular species with varying extents of degradation might tend to produce 
crystals with different characteristics (e. g., different degrees of perfection), and this 
would yield double peaks in the DSC thermograms, as occurred during the first melting 
run. However, talc particles may have induced a co-crystallization of these molecules, 
producing crystals with intermediate melting temperatures, hence single peaks. This 
explanation is strengthened by the fact that the Tm on the second melting is situated 
between the two T, ,, 
's of the first melting, with the value being proportional to the 
relative height of the two peaks. Thus the melting temperature in the second run (T,,,, ) is 
expected to be given by this simple mixtures relation: 
Tm2 = 
h1Tm1 +h27m1' (7.1) 
hl + h2 
where Tm 1 and Tm 1' are the positions of the two peaks and h1 and h2 are the 
corresponding distances to the baseline, as defined in Fig. 7.23. Fig. 7.24 shows that the 
correlation of this equation with experimental data is fairly good despite the fact that the 
second peak in the thermogram is not usually resolved from the main peak which makes 
the determination of Tmi' somewhat subjective, and hence h2 subject to error. Data 
obtained at lower heating rates, also shown in Fig. 7.24, are more reliable in terms of 
Tml' determination and, therefore, show better agreement with equation 7.1. 
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Fig. 7.23. Definition of parameters for equation 7.1 in a first melting thermogram of 40% 
talc-filled PP exposed for 9 weeks. Sample removed from the UV surface. 
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Fig. 7.24. Correlation between experimental data with calculations using equation 7.1. 
Data are shown for samples exposed for different times and tested at two scanning rates. 
To confirm that co-crystallization is responsible for the single peak in the second 
melting, a DSC experiment was carried out with a mixture of a sample exposed for 3 
weeks with another sample exposed for 18 weeks. As shown in Fig. 7.25, the first 
thermogram was a double peak with melting temperatures close to the ones for the 
individual samples and the second thermogram was a single peak (plus a shoulder) with 
maximum between the individual melting peaks of the first melting. The appearance of a 
shoulder may be a consequence of lack of intimate mixture and may be responsible for 
the 2.8°C difference of TnI2 from the value predicted from equation 7.1. However, recall 
that the responses to the effects of degradation in the first and second melting 
temperatures are different: in the first run the reduction of Tm is believed to be due to 
degradation at crystal fold surfaces and destruction of tie molecules whereas in the 
second run it is believed to be due to crystal imperfections (see more detail in section 
4.3.5.1). 
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Fig. 7.25. Melting thermograms of a mixture of 40% talc-filled PP samples exposed for 3 
weeks with another sample exposed for 18 weeks. (a) first melting. (b) second melting. 
The value of Tm2 calculated from equation 7.1 is 155.2°C while the experimental value 
was 158°C. 
It is worth mentioning that a recrystallization process occurs during the second 
heating run of (degraded) unfilled polypropylene resulting in double peaks (section 
4.3.5.3). This evidently, did not occur with the filled grades. A possible explanation is 
that the structure obtained, with the presence of a nucleating agent, was too stable to 
permit re- crystallization [Varga, 1995]. 
7.4. CONCLUSIONS 
The results of the investigations of the photo-oxidation of talc-filled polypropylene 
described above lead to the following conclusions: 
" Injection moulding yields a very high orientation of talc particles and consequently of 
the polypropylene crystals. Pole figure analysis for talc basal planes is a powerful 
technique to deduce and represent the orientation of this filler in a composite; 
" The techniques used to assess chemical degradation consistently showed that 
chemical degradation was higher for the filled grades in the initial stages of artificial 
weathering but for longer exposures a reversal in this trend took place due to a 
stabilizing effect of talc, possibly enhanced by the preferred particle orientation 
parallel to the exposed surface; 
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0 The mechanical properties deteriorate much less in talc-filled than in unfilled PP, 
partly because the degradation occurs only at the exposed side of the bar and partly 
because the failure mechanism is less sensitive to the degradation of the polymer than 
in unfilled PP; 
" Chemi-crystallization occurs in the presence of filler, probably by similar mechanisms 
to those which occur in the pure polymer, involving short-range motions of the 
molecules. The results for melting enthalpy on both first and second DSC runs are 
consistent with the idea that this property depends on chain scission and progressive 
introduction of defects onto the molecules during the photodegradative process; 
"A double endotherm peak is found on the first heating run in DSC analysis of some 
photodegraded samples and is likely to be a result of inclusion of material having 
different extents of degradation within the sample analyzed, whereas the single peak 
- on the second heating probably indicates co-crystallization of those molecules. 
8. ISOTHERMAL CRYSTALLIZATION OF DEGRADED PP 
8.1. INTRODUCTION 
The ability to crystallize is one of the most important characteristics of 
polypropylene and the semi-crystalline nature of this material leads to many useful 
properties. In its isotactic configuration, PP can achieve as much as 60% crystallinity 
though the actual content depends on the conditions of preparation (temperature, 
pressure, rate of cooling, etc. ) as well as on the grade itself (molecular weight, 
isotacticity, additives, etc. ). The investigation of the crystallization kinetics of polymer 
materials is most commonly done by means of isothermal crystallization, in which the 
melted (or dissolved) sample is held at a fixed temperature (below Tm) and the changes in 
some property which depends on the crystallinity are monitored as a function of time. 
The inverse of the time to reach 50% of the maximum crystallinity (t1,2)-' is normally 
taken as the overall rate of crystallization for the chosen temperature [Mandelkern, 
1964]. 
The methods to investigate isothermal crystallization of polymers include optical, 
dilatometric or calorimetric methods [Wunderlich, 1976b]. X-ray diffraction can also be 
used [Rybnikar, 1976; Wenig and Lemke, 1993], with the special advantage of revealing 
the actual crystal structure during the experiment. Differential scanning calorimetry 
(DSC) has become the predominant technique probably because of its ease of operation, 
relatively low cost, and the reproducibility of the results that are achieved. 
Application of the Avrami equation is among the most common ways to study 
isothermal crystallization, in which the crystallization rate and the type of morphology 
and nucleation can be deducted from experimental data. The Avrami equation is written 
as [Avrami, 1939]: 
1- Xt = exp(-Kt" ) (8.1) 
where X, is the relative crystallinity at a time t, i. e., Xt= X,, (t)/X, (oo), K is a kinetic 
parameter and n is an integer known as the Avrami exponent which depends on the 
morphology and type of nucleation. Equation (8.1) can be transformed into: 
log[-ln(1- X, )] = n. logt +logK (8.2) 
If the Avrami theory applies to the experimental data, then a plot of log[-ln(1-Xt)] vs log 
t yields a straight he with slope n and intercept log K, as shown in Fig. 8.1. 
Although there may be complications in using the Avrami analysis to interpret the 
kinetic data and the Avrami exponent [Binsbergen and De Lange, 1970; Wunderlich, 
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1976b], the approach is widely used with polypropylene, such as in the investigation of 
the effect of molecular weight [Pospisil and Rybnikar, 1990; Rodriguez-Arnold et al., 
1994], tacticity [Martuscelli et al., 1983; Janimak et al., 1992], nucleants [Rybnikar, 
1982; Menczel and Varga, 1983; Kim and Kim, 1993], fillers [Kowalewski and Galeski, 
1986; McGenity et al., 1992; Iroh and Berry, 1993] and other components [Pospisil et 
al., 1990; Wenig, 1994]. Some methods have also been developed to determine the 
Avrami exponent under non-isothermal conditions [Harnisch and Muschik, 1983]. A 
review on the procedures to follow the kinetics of polymer crystallization was published 
recently by Long et al. [1995]. 
1 
0.5 
0 
-0.5 
-2.5 
-1 -0.5 0 0.5 1 
log t 
Fig. 8.1. Avrami plot for polypropylene crystallized at 125°C, obtained by DSC. 
Not many studies were found in the literature regarding the effect of degradation 
on isothermal crystallization of polymers. Rybnikar [1976] carried out various 
consecutive extrusions (up to 20) in branched polyethylene to analyze the effect of 
thermal degradation on the rate of crystallization. He noted that the crystallization rate 
(evaluated as (t112)-') increased with the number of times the material was extruded. The 
average molecular weight did not change during processing and the results were 
attributed to a better wetting of the heterogeneous nuclei or to a nucleating action of the 
degradation products. The opposite effect was observed by Day et al. [1988] and by 
Jonas and Legras [1991] in the thermal degradation of PEEK, and by Bulakh and Jog 
[1995] in the y-degradation of poly(phenylene sulfide) where the rate of crystallization 
decreased with the severity of degradation, a fact explained as due to a destruction of 
nucleating sites and branching/cross-linking. Day et al. [1988] also observed that the 
Avrami exponent it changed little with degradation and that the activation energy for 
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crystallization decreased with the severity of the heat treatment. 
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Pospisil and Rybnikar [1990] used optical microscopy and X-ray diffraction to 
study the isothermal crystallization of PP. They prepared samples with various molecular 
weights by peroxide melt degradation and found that the spherulite growth rate did not 
change with the molecular weight but the overall crystallization rate showed a minimum 
at intermediate molecular weights, which was related to the number of heterogeneous 
nuclei that is higher in the oxidized polymer [Pospisil et al., 1990]. Wenxiu and Shui 
[1993], on the other hand, studied the effect of y-radiation on PP with pigments and 
noted that the crystallization rate in the range of 125-141°C decreased with applied dose 
and the Avrami exponent n decreased from 3-4 to 2-3 as a result of irradiation. 
It has already been shown (e. g., section 4.3.4) that photodegradation changes the 
degree of crystallinity of polypropylene, not only in the moulded material but also after 
re-crystallization. The reduction in molecular weight tends to increase the degree of 
crystallinity (Xe) but it is limited by the build up of chemical irregularities like carbonyl 
and hydroperoxide groups in the molecules. The consequences in re-crystallized PP are 
an increase in the crystallinity for the material that had been subjected to short-term 
exposures followed by a decrease for long-term weathering (see, for instance, Fig. 4.34). 
The observation that samples submitted to prolonged and severe exposure (ca. 48 
weeks) can still achieve high crystallinities, indicates that the crystallizability of PP is not 
eliminated even after comprehensive chemical changes. In this chapter the kinetics of 
crystallization of photodegraded polypropylene was investigated by means of isothermal 
crystallization experiments conducted in a differential scanning calorimeter. The 
equilibrium melting temperatures were also evaluated in an attempt to analyze the effect 
of exposure time on the crystallization rate at a fixed supercooling. 
8.2. EXPERIMENTAL 
This study was carried out with specimens removed from the surface of injection 
moulded (Tm. wd= 40°C), unfilled polypropylene exposed to ultraviolet radiation for times 
up to 24 weeks. The thickness of the layer removed was the same as in the other 
investigations (0.2mm). The measurements were made under nitrogen in the same DSC 
equipment described in section 3.11. The following programme was used: 
" heating from room temperature to 210°C at 20°C/min; 
0 isothermal at 210 °C for 7 minutes; 
" fast cooling (--100°C/min) to the isothermal crystallization temperature (Ti-, ); 
" isothermal crystallization at Tj° for a time depending on this temperature and on the 
amount of degradation in the sample (up to 420 min); 
" heating to NOT at 10°C/min. 
From the exotherms obtained during the isothermal crystallization step the relative 
crystallinity was determined by integration as recommended by Hay [1979]: 
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Xt = 
XI(t) 
XJ°o) 
dHt 
dt 
dt 
_o jd, 
dt 
dt 
0 
(8.3) 
where the first integral is the amount of heat released at a time t and the second is the 
total amount of heat released by the crystallization process. The beginning of the 
isothermal crystallization (t=0) was set when the curve started to depart from the 
baseline whereas the end of the crystallization (t= oo) was considered when a flat baseline 
was obtained after the exotherm. From this measurement, the half time of crystallization 
was determined (then the rate of crystallization (t112)-') and the Avrami plot was 
constructed. 
For practical reasons, the range of isothermal crystallization temperatures were 
chosen within certain limits. If T;,, is too low, the crystallization is very rapid and it may 
start to occur before the sample reaches the desired temperature. If T; ' is too high, there 
is a loss in accuracy in measurement due to a low thermal output by the slow 
crystallization. 
The equilibrium melting temperature (TM ')was determined using the method 
described by Lauritzen and Hoffman [1960] which consists of plotting the melting point 
for several crystallization temperatures. This yields a straight line and, when extrapolated 
to the line Tm T; ý, will give the value of Tm as shown in Fig. 8.2. 
Selected isothermal crystallization experiments were repeated in the Mettler FP 84 
cell under a polarizing optical microscope and the images were recorded using a video 
camera. From those recordings, the spherulite radius during crystallization were 
obtained. 
200 
190 
ö 180 
170 
160 
150 
140 
130 
120 
Tm T; s 
equilibrium melting temperature 
120 130 140 150 160 170 180 190 
Crystallization temperature (°C) 
200 
Fig. 8.2. Determination of equilibrium melting temperature for unexposed PP. 
231 
8.3. RESULTS AND DISCUSSION 
8.3.1. KINETICS OF CRYSTALLIZATION 
Typical DSC curves obtained during isothermal crystallization at 130°C are shown 
in Fig. 8.3. It is evident that the output (amount of heat released) decreased and the time 
for complete crystallization increased with exposure time. Fig. 8.4 shows the curves of 
percentage crystallinity as function of time at the same temperature, obtained according 
to equation 8.3. From those data the half time of crystallization was determined and 
calculations were performed to fit the Avrami equation (8.2). The results for the rate of 
crystallization (t112)-1 and for the K-value are shown in Figs. 8.5 and 8.6 for all conditions 
studied. The values for the Avrami exponent n are shown in Table 8.2 and they will be 
discussed further. 
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Fig. 8.3. DSC curves obtained during isothermal crystallization at 130°C 
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The results shown above (Figs. 8.3-8.6) indicate that the crystallization rate of 
polypropylene is drastically reduced with exposure time. The exception seems to be the 
material weathered for only 3 weeks, which showed a higher rate of crystallization than 
the virgin polymer. Presumably, the results obtained reflect the effects of chemical 
degradation on PP': (i) the build up of chemical irregularities tends to decrease the rate 
of crystallization, like in PP with decreasing tacticity [Wunderlich, 1976b; Martuscelli et 
al., 1983] or containing a co-monomer [Monasse and Haudin, 1988]; (ii) the decrease in 
molecular weight can decrease or increase the rate of crystallization, depending on the 
actual value [Schultz, 1974]. In the sample exposed for 3 weeks, the few chemical 
changes that were introduced by oxidation may have increased the rate of nucleation 
[Pospisil et al., 1990] and, together with its lower molecular weight, resulted in an 
increase in (tl12)-'. The decrease in the rate of crystallization of polypropylene with 
exposure time was also observed in non-isothermal crystallization, in which the value of 
the crystallization temperature decreased with exposure time (Fig. 4.37). 
The experiments carried out at the same temperature for all samples, however, may 
not represent a suitable guide to their ability to crystallize. This is because the rate of 
crystallization of a polymer is strongly dependent on the supercooling, defined as: 
OT= Tm - T;, (8.4) 
The equilibrium melting temperature TM is the upper limit for crystal melting and it is an 
intrinsic property of the polymer, virtually uninfluenced by factors like crystal size and 
'The effect of exposure time on the carbonyl index and molecular weight of these 
samples were shown in Figs. 4.10 and 4.14, respectively. 
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rate of heating. The comparison between several types of samples, like on the effect of 
photodegradation, is better performed based on the same supercooling rather than on the 
same crystallization temperature. The fact that the degree of crystallinity of re- 
crystallized PP was, for most exposure times, higher than or similar to the virgin PP (Fig. 
4.34), is another indication that an alternative approach should be used to compare their 
crystallizabilities. 
In order to normalize the crystallization conditions, the equilibrium melting 
temperature of the samples under investigation was determined according to the 
procedure described in section 8.2. The value of TM obtained for the unexposed material 
was 190.8 °C (Fig. 8.2), which is within the range commonly reported for isotactic 
polypropylene [Wunderlich, 1980] though there is some dispute on the best procedure to 
determine this property [Mezghani et at, 1994]. Fig. 8.7 shows that the equilibrium 
melting temperature decreased sharply after 6 weeks exposure followed by a moderate 
decrease at longer exposures. As has been discussed with the ordinary melting point 
(T. 2) (also plotted in Fig. 8.7), this is probably a combined effect of reduction in 
molecular weight and increasing imperfection of crystallites caused by the impurity 
chemical groups introduced into the chains. However, after 6 weeks exposure the 
decrease in TM was rather small despite the fact that there was a large increase in the 
carbonyl index. This particular type of behaviour may be connected to a limited amount 
of chemical irregularities that can be fitted into the crystals. The rapid decrease in T,, 2 at 
longer exposures is possibly due to some dependence of T,,, 2 on the cooling rate applied 
during the re-crystallization. 
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Fig. 8.8 shows that when the rate of crystallization is plotted against the 
supercooling the trend is markedly different from the one of Fig. 8.5. Now, for the same 
supercooling, the crystallization is much faster for degraded samples than for the 
unexposed polypropylene. The crystallization process involves the thermodynamic 
driving force and kinetics factors. At a constant supercooling, the thermodynamic driving 
force for crystallization should be the same for all samples, hence the differences in the 
kinetics may reflect the inherent crystallizabilities of the molecules. There is not, 
however, a uniform trend in relation to the time of exposure. The rate increases with 
time of weathering up to 12 weeks, and then there is a decrease beyond that time, with 
the sample exposed for 6 weeks showing a similar behaviour to the one exposed for 24 
weeks. This can result from the several factors that control crystallization: 
1. reduction of molecular weight increases the crystallizability 
2. increase in polarity increases the crystallizability 
3. chemical irregularities decreases the crystallizability 
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Fig. 8.8. Effect of supercooling on the rate of crystallization of PP exposed for various 
times. 
The kinetics of crystallization depend on the relative importance of the nucleation 
and growth rates. These rates may be changed differently by the oxidation effects, 
namely molecular weight (Fig. 4.14) and carbonyl index (Fig. 4.10). For the same 
supercooling, the decrease in molecular weight tends to increase the spherulite growth 
rate [Keith and Padden, 1964a] whereas the increase in chemical irregularities within the 
molecules decreases the rate of growth [Wunderlich, 1976b]. The rate of nucleation on 
the other hand is affected mainly by the presence of extra chemical groups; a slight 
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increase in polarity increases the rate of nucleation [Pospisil and Rybnikar, 1990] and 
extensive chemical irregularities reduces it [Phillips, 1993]. Therefore, the factors 1 and 2 
above seem to be predominant for low times of exposures and then the chain impurities 
begin to control the kinetics of crystallization. 
Compared with the unexposed material, the one degraded for 3 weeks had just a 
small reduction in molecular weight as well as a small increase in carbonyl index and, as a 
result, showed higher rates of crystallization than the unexposed PP for the same 
supercooling. The large shifting to the left-hand side of the curves in Fig. 8.8 for the 
samples exposed for 6 weeks and longer may be due to the drastic reduction in molecular 
weight they experienced which could increase the molecular mobility, then the growth 
rate. After 12 weeks exposure, the rate of crystallization decreased with exposure time 
possibly resulting from the extensive chemical irregularities. 
In an attempt to support the explanation offered above that the rates of growth and 
nucleation are influenced differently by the effects of degradation, an example is given in 
Fig. 8.9 showing the increase of spherulite radius during isothermal crystallization at 
125°C of unexposed and 6 weeks exposed PP. At the same Ti., the supercooling is 
much lower for the exposed specimen and, nevertheless, it showed a growth rate higher 
than the unexposed one. The rate of nucleation, however, was lower for the exposed 
material, as can be seen from the number of spherulites in Fig. 8.10. 
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Fig. 8.9. Spherulite radius during isothermal crystallization at 125°C for the unexposed 
(main graph) and 6 weeks exposed (inset) polypropylene. The deviation from linearity in 
the later stages of crystallization for the 6 weeks exposed sample will be commented 
upon further. 
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Fig. 8.10. Spherulitic morphology of unexposed (a) and 6 weeks exposed (b) PP during 
crystallization at 125°C. (i) at 2 minutes; (ii) at the end of crystallization. 
8.3.2. AVRAMI ANALYSES 
Avrami plots for unexposed and selected degraded samples are shown in Fig. 8.11. 
The plots for virgin polypropylene featured only one straight line whereas the exposed 
material showed two straight lines, indicating that the crystallization had taken place in a 
two-stage process, namely the primary (stage I) and the secondary (stage II) 
crystallization2 [Hay, 1979]. 
2 The K-values shown in Fig. 8.6 for the exposed PP were obtained from the first stage 
process. 
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Fig. 8.11. Avrami plots for unexposed PP (a) and for exposed for 6 weeks (b), 12 weeks 
(c) and 24 weeks (d). 
It is well known that the two-stage crystallization in polymers results from 
spherulite impingement at the latter stages of the primary crystallization, decreasing the 
growth rate [Schultz, 1974]. The secondary crystallization then takes place in the 
intraspherulitic region [Bassett, 1981; Wenig, 1994] that, due to steric reasons, is much 
slower than the primary crystallization. According to this interpretation, the second stage 
does not change the size of spherulites, hence it is not detected by optical methods 
[Wenig and Lemke, 1993]. The secondary crystallization would be enhanced by the 
segregation of low molecular weight molecules and those containing impurities that, at a 
fixed crystallization temperature, are at a lower supercooling than the high molecular 
weight fractions [Wang and Lloyd, 1993]. 
Following the explanation above the observation that virgin PP displayed only one 
stage in the Avrami plot was unexpected since it has a relatively broad distribution of 
molecular weights (Fig. 4.12). It is possible, however, that the limited sensitivity of the 
DSC cell has not detected the secondary crystallization in this sample [Hay, 1979]. 
The question that arises is why the degraded polymer displayed a two-stage 
process? Firstly, it is important to bear in mind that the photo-degraded polypropylene 
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consists of a mixture of a number of different molecular species, with varying amount of 
chemical defects and different molecular sizes. Possible reasons for the existence of this 
mixture are: (i) the random nature of the chemical degradation (ii) different rates of 
degradation in the amorphous and crystalline regions (iii) different extents of degradation 
through the thickness direction of the layer (0.2mm thick) removed for the analysis. This, 
evidently, will be reflected in the kinetics of crystallization because of molecular 
segregation. The less defective molecules crystallize faster and the more defective (and 
smaller) ones may be rejected by the growing crystals to crystallize later, after spherulite 
impingement [Mandelkern, 1964; Calvert and Ryan, 1984]. Due to the presence of a 
larger amount of defective molecules in comparison with the unexposed polymer, the 
degraded PP might have its secondary crystallization step enhanced and therefore a two- 
stage process was obtained, rather similar to the one with low tacticity PP observed by 
Martuscelli et aL [1983]. 
Besides the interpretation above, the results shown in the inset of Fig. 8.9 highlight 
another aspect of the crystallization of degraded PP, which is that a decrease in growth 
rate has occurred much before the spherulite impingement had occurred. Interestingly, 
the time when the growth rate changed (-. -7min) in Fig. 8.9 is consistent with the break in 
the Avrami plot of Fig. 8.1 lb (which occurred at -6.5min). A similar type of correlation 
was observed with other samples and conditions. It is possible, therefore, that the two- 
stage crystallization shown in the Avrami plots in degraded PP is not only due to the 
starting of secondary crystallization in the interlamellar region, but also due to a change 
in spherulite growth rate. The decrease in growth rate is likely to be motivated by the 
presence of more defective molecules that are rejected by the growing crystals. These 
molecules might be less crystallizable (or non-crystallizable at all) and they can diffuse to 
the spherulite boundaries decreasing the rate of crystallization of the less defective 
species due to dilution effects [Wang and Lloyd, 1993]. The defective molecules can 
then crystallize at the later stages of spherulite growth or in the secondary crystallization. 
A decrease in growth rate during isothermal crystallization was observed by Keith and 
Padden [1964a] with mixtures of isotactic and atactic polypropylene. They suggested 
that this happens when the diffusion rate of impurities (the atactic molecules) is higher 
than the growth rate of spherulites and accumulate at the surface of the growing 
spherulites. 
Table 8.1 shows that the relative crystallinity Xt where the transition from stage I 
to stage II of the Avrami plots (Fig. 8.11) occurred decreased with exposure time at the 
same crystallization temperature. This may be related to the increasing concentration of 
more defective molecules with exposure that accumulate as non-crystallizing species 
between the growing spherulites, leaving a higher proportion of molecules to crystallize 
during the second stage. Alternatively, the increase in temperature increases the diffusion 
of impurities which favours phase segregation, leaving behind a smaller fraction of 
molecules to crystallize during the second stage. At a fixed crystallization temperature, 
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the supercooling is lower for more degraded PP, hence the phase separation would be 
more prominent in those samples. 
Exposure time (weeks) 120°C 125°C 130°C 
3 0.922 0.947 
6 0.906 0.849 0.923 
12 0.852 0.770 0.732 
18 0.785 0.700 0.608 
24 0.794 0.656 0.589 
Table 8.1. Relative crystallinity Xt where the transition from stage Ito stage II in Avrami 
plots has occurred for selected crystallization temperatures. 
From Fig. 8.10 it is apparent that no change in morphology was associated with 
the transition in growth rate. An experiment carried out with a 24 weeks exposed 
material, however, revealed that a transition in morphology can also take place during 
isothermal crystallization. Fig. 8.12 shows the development of morphology at 120°C and 
Fig. 8.13 the corresponding change in spherulite radius. It is clear that from the very 
beginning of crystallization, the spherulites of this material featured a "serrated" contour 
in contrast to the smooth profile for the unexposed specimens shown in Fig. 8.10a. The 6 
weeks exposed PP also presented a serrated contour (Fig. 8.10b) but to a lesser extent. 
This type of morphology occurs due to the enhanced fibrillation caused by the presence 
of impurities at the spherulite periphery [Keith and Padden, 1964b]. It was suggested 
that fibrillation arises from random surface instabilities at the growing front of 
spherulites, which may result in layers of less impure material that have higher growth 
rates than the rest of the interface [Keith and Padden, 1963]. The consequence is the 
break up of the planar interface into a `fibrous" habit between impurity regions'. With 
the progression of crystallization, the impurity concentration in the remaining melt 
increases considerably [Keith and Padden, 1964a] and there is an intensification of the 
spherulite fibrillation. This is evident from Fig. 8.12f-i. The final morphology shown 
under higher magnification in Fig. 8.14, features spherulites with distinct characteristics: 
a "normal" texture in the middle and a fibrillar character towards the end. From Fig. 8.14 
it is also evident that the spherulites did not really impinge at the end of crystallization, a 
fact that may be attributed to the widespread segregation of non-crystallizable molecules. 
A change in morphology (from negative to positive birefringence) along the spherulite 
radius was also observed by Awaya [1988] and he suggested this was due to a change in 
molecular parameters caused by segregation of less crystallizable species. 
3 The fibrillar appearance of spherulites does not mean that they necessarily constituted 
by fibrous crystals, but, instead, by an aggregate of lamellae [Bassett and Olley, 1984; 
Bassett and Vaughan, 1986]. 
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According to the theory of polymer crystallization proposed by Keith and Padden 
[1963; 1964b], the texture of polymer spherulites depend on the parameter 6= D/G, 
where D is the diffusion coefficient of impurities and G is the growth rate. This 
parameter represents the thickness of a layer rich in impurities next to the advancing 
front and determines the lateral dimensions of the crystals. The higher the value of 6, the 
coarser is the texture because the impurities tend to concentrate at the boundaries of the 
growing spherulites. Although the parameter 6 was shown to be quantitatively inaccurate 
to represent the crystal dimensions as proposed by Keith and Padden [Bassett and 
Vaughan, 1986], this approach could be invoked to differentiate (in a qualitative way) 
the morphologies displayed in Figs. 8.10a and 8.12. In comparison with the unexposed 
PP the highly degraded ones have higher diffusion rates of impurities (due to the lower 
molecular weight) and possibly lower growth rates (due to the presence of more 
chemical irregularities). Therefore, the thickness of the impurity rich layer 6 is expected 
to be larger in the degraded PP, which is consistent with a coarser and more open texture 
shown in Fig. 8.12. However, the texture also depends on the crystallization 
temperature. With decreasing T10, an increase in G and a decrease in D are expected, 
resulting in lower values of 6 because the defective molecules tend to be entrapped 
within the intraspherulitic regions. Accordingly, Fig. 8.15 shows that the final 
Fig. 8.14. Higher magnification of the final morphology of PP exposed for 24 weeks and 
crystallized at 120°C. This corresponds to Fig. 8.12i. 
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morphology of 24 weeks exposed sample crystallized at 115°C featured uniform 
spherulites and the "serrated" texture is not as evident as in Fig. 8.14. The segregation of 
impurities has also occurred in Fig. 8.15, evidenced from the gaps between spherulites. 
The crystallization under non-isothermal conditions did not lead to gaps between 
spherulites (Fig. 4.58) probably due to the very high rates of crystallization that 
prevented impurity segregation to the interspherulitic region. 
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Fig. 8.15. Final morphology of 24 weeks exposed PP crystallized at 115°C. 
The Avrami exponents n for the materials under study obtained from the slope of 
the Avrami plots are given in Table 8.2. According to Wunderlich [1976b], a n-value of 
3-4 is the most common for PP and indicates a spherulitic three-dimensional structure 
generated by homogeneous (n=3) or heterogeneous (n=4) nucleation. Intermediate 
values indicates that both kinds of nucleation have occurred. In the experiments carried 
out here for unexposed PP a n-value close to 2 was obtained which is in agreement with 
several other studies on polypropylene at similar range of temperatures [e. g., Godovsky 
and Slonimsky, 1974; Carfagma et al., 1984; Janimak et al., 1992; McGenity et al., 1992; 
Wang and Lloyd, 1993; Iroh and Berry, 1993; Kim and Kim, 1993]. This value for n is 
assigned to a disc-like morphology formed by heterogeneous nucleation or to a truncated 
sphere [Wunderlich, 1976b; Hay, 1979]. However, the correlation between the n-value 
and the actual morphology is often poor, due to a number of reasons [Binsbergen and De 
Lange, 1970; Wunderlich, 1976b]: 
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" the volume is not constant during crystallization, as assumed by the theory of 
Avrami; 
" the rate of growth may change with time, also motivated by the increase in 
temperature (exothermic effect) during crystallization. Moreover, the crystallization 
involves more than one stage; 
0 lamellar branching is quite common, changing the rate of crystallization; 
" in copolymers several more complicating factors exist, due to the lack of regularity, 
rejection of molecular segments by the growing crystals, segregation, etc. The same 
may be true also for degraded polymers; 
" small variations on the definition of the starting time of crystallization cause large 
differences in the Avrami exponent [Greasier and Homme, 1980; Jonas and Legras, 
1991]. 
unexposed 3 weeks 6 weeks 12 weeks 18 weeks 24 weeks 
T; so 
(°C 1st 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 
135 2.1 2.5 1.6 
132.5 2.3 2.3 1.6 2.3 1.1 
130 2.3 2.3 1.1 2.3 1.6 2.3 1.0 2.4 2.0 2.0 1.9 
127.5 2.2 2.2 1.2 2.3 1.6 
125 2.1 1.9 1.1 2.1 1.0 2.2 1.2 2.1 1.7 2.0 1.6 
122.5 2.0 1.1 2.4 1.3 
120 1.8 1.1 2.0 1.0 2.2 1.1 2.4 1.2 
117.5 2.0 0.9 
115 2.0 1.0 2.1 1.0 
Table 8.2. Avrami exponent n for each crystallization temperature for the first and 
second stages. 
Table 8.2 also shows that for exposed samples the first stage n-values are higher 
than the second stage, possibly resulting from the trend to fibrillar growth of the second 
stage. If the second stage also comprises the secondary crystallization that takes place in 
the intraspherulitic region, more constraints towards growth are expected, hence one- 
dimensional growth may be enhanced. The general tendency for both stages is towards an 
increase in n-value with crystallization temperature, although some results divert from this 
trend. There is not a clear effect of degradation on n-values. 
8.3.3. MELTING BEHAVIOUR 
It was shown in chapter 4 that the DSC melting thermograms of degraded 
polypropylene crystallized under non-isothermal conditions consisted of double peaks. 
The investigations carried out there indicated that this melting behaviour resulted from 
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re-organization of the a-phase during heating. Furthermore, the existence of two crystal 
species caused by molecular segregation did not play a major part on the peak 
duplication. The melting thermograms for the unexposed and exposed PP after 
isothermal crystallization displayed either a single peak or a main peak accompanied by a 
shoulder at the low temperature side. The latter occurred only with specimens 
crystallized at high temperatures and an example is shown in Fig. 8.16 for a sample 
exposed for 6 weeks. This type of melting behaviour is consistent with what is commonly 
reported in the literature, in which double peaks are observed in virgin PP only when the 
sample is crystallized at low (ca. T;,,. <120°C) or at high temperatures (ca. T;., O>l30°C) 
[Monasse and Haudin, 1985; Yadav and Jain, 1986]. The peak duplication of virgin PP 
crystallized at high temperatures was suggested to be due to the presence of distinct 
crystal populations [Kamide and Yamaguchi, 1972; Janimak et al., 1992], which is 
enhanced by segregation effects [Yadav and Jam, 1986]. Re-organization during heating, 
the other reason for peak duplication, presumably occurs only with samples crystallized 
at low temperatures, because unstable crystals are produced [Varga, 1995]. 
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Fig. 8.16. Melting thermogram of 6 weeks exposed PP crystallized at 130°C. 
The thermogram of Fig. 8.16 did not change when the cell was cooled to room 
temperature before the final melting, suggesting that no further crystallization occurred 
to a significant level to alter the thermogram. In another example, a 12 weeks exposed 
sample was crystallized at 132.5°C and, after cooling to room temperature, the melting 
thermogram displayed a small peak with a maximum at -P131°C (Fig. 8.17). Since 
Tm<T;.,., the crystals that yielded this peak were certainly produced during cooling prior 
to the final melting. From the crystallization exotherm of this sample (see the inset of Fig. 
8.17) it appears that the crystallization was completed since a flat baseline was obtained 
after the exotherm. It is suggested that the crystals that yielded the lower 
Tm were 
produced from molecules with much higher concentration of impurities than those which 
contributed to the main peak. These molecules showed negligible rates of crystallization 
at 132.5°C and the thermal output was too low to be detected by DSC. 
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Fig. 8.17. Melting thermogram of 12 weeks exposed PP crystallized at 132.5°C. The 
inset shows the exotherm during isothermal crystallization at this temperature. 
8.4. CONCLUSIONS 
1. The isothermal crystallization of degraded polypropylene involves a two-stage 
process, possibly due to the segregation of molecules containing a large amount of 
chemical impurities. This results in a decrease in the rate of spherulite growth at the 
later stages of crystallization, and in some cases a change in morphology along the 
spherulite radius was observed; 
2. The equ. ihibrium temperature decreased sharply with exposure time up to 6 weeks; 
beyond this time, no appreciable decrease was observed. It was suggested that only a 
limited number of chemical impurities was incorporated into the crystals; 
3. At a constant crystallization temperature, the rate of crystallization decreased with 
exposure time (except for the sample exposed for 3 weeks) whilst at a constant 
supercooling the crystallization rate was much higher for degraded PP. These results 
were discussed based on the importance of molecular weight and chemical defects 
on the rates of nucleation and growth; 
4. The DSC thermograms during the final heating after isothermal crystallization 
comprised either a single peak or a peak + endothermic band, dep ending on the 
crystallization temperature. This is consistent with literature reports. 
9. GENERAL DISCUSSION 
Some aspects of polypropylene photodegradation investigated in this work have 
been described throughout chapters 4-8. They have been presented as nearly self- 
contained studies and the main observations and results have been discussed accordingly. 
Whenever feasible, the information contained in a particular chapter was compared to 
that contained in other chapters and with previous results found in the literature. A 
discussion on the detail of the results obtained, it is believed, has already been held. The 
inclusion of a "General Discussion" is an attempt to give a more general view of the 
work by joining together information obtained in the previous chapters, and to give 
further clarification in some topics. 
Recall that the main approach adopted in this thesis was to study the chemical 
effects of photo degradation upon the physical properties of polypropylene produced with 
different structures, and that the investigation of the kinetics and mechanisms of 
degradation was not the issue of this thesis. Nevertheless, an awareness of the nature of 
oxidation processes in polypropylene, together with the information of the extent of 
chemical degradation obtained by GPC and FTIR were extremely important in 
developing an understanding of some of the effects associated with degradation, specially 
those related to crystallization. 
The specimens were exposed in the laboratory using more severe ultraviolet 
radiation conditions then normally found under natural exposures insofar as exposures 
were continued for 24 hours per day. No attempt was made to correlate the exposure 
conditions applied here with natural weathering but it is believed that effects similar to 
those observed in the present study may also occur during the service life of PP 
products. In natural photodegradation these effects may take longer to appear and they 
are also influenced by additives like stabilizers and pigments that can reduce or accelerate 
the rate of degradation. The accelerated photo degradation in the laboratory has the 
advantages of being less costly and less time consuming than the natural exposures. The 
good reproducibility of conditions, rarely achievable in outdoors weathering [Davis and 
Sims, 1983; Fischer et al., 1991b], is another important aspect, especially when the 
comparison between different products and formulations exposed under different 
conditions or times is desirable. 
Besides controlling the exposure environment (temperature and UV intensity), 
great care was taken in this investigation to produce test bars with identical structures 
and, consequently, to allow reliable comparisons among the samples prepared under 
different processing conditions. Furthermore, since the existing differences in structure 
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and morphology between the surface containing the injection moulding gate and the 
surface opposite to it could affect the degradation, the samples were placed in the 
exposure rack with a pre-determined position in relation to the UV source. Most of them 
were exposed with the surface containing the tab gate facing away from the UV lamps 
(Fig. 3.3). In addition, the specimens used for characterization were removed from 
defined positions of the test bars, as also indicated in Fig. 3.3. These criteria, to the best 
of the author's knowledge, have not been adopted before in the literature even though 
variations in degradation effects with location in the test bar have been reported 
[Kinmonth et at, 1970; Fischer et at, 1991a]. Consistent exposure and sampling 
procedures contributed to reduce the variability of degradation effects and in some cases 
proved to be markedly important as, for instance, in the understanding of the pattern of 
surface cracks and the failure mechanisms (see sections 9.1 and 9.2). 
This chapter will be divided into sections according to the subjects concerned in 
this thesis and some recommendations for further work are also included. 
9.1. THE PHOTO-OXIDATION OF PP: AN INHOMOGENEOUS PROCESS 
It is well accepted that the initiation of PP photodegradation occurs due to the 
presence of impurity chemical groups like catalyst residues and hydroperoxides, the latter 
being produced during processing. The propagation step involves free radical reactions 
that cause substantial changes in the chemical nature of the molecules. Replacing a 
reasonably regular isotactic hydrocarbon structure having a carbon backbone and 
pendent methyl groups, the degraded molecules of PP may end up with a number of 
different chemical groups including esters, aldehyde, carbonyls, hydroperoxides, etc., 
randomly distributed along the polymer chain. Fig. 9.1 shows a possible schematic 
representation of a section of a PP molecule after extensive degradation where different 
chemical groups are present in replacement for the methyl and hydrogen of the starting 
molecule. It has been shown that in PP the number of oxygen atoms can exceed the 
number of carbon atoms after extensive photo-oxidation [Lacoste et al., 1995]. In 
addition to the chemical changes, some of the reactions lead to chain scission, and the 
molecular sizes can be drastically reduced. The chemistry of photo degradation is actually 
rather complex and may involve many side reactions. A summary of the mechanism of 
PP photo-oxidation was described in section 2.2.1. 
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Fig. 9.1. Schematic representation of a possible chemical structure of PP molecules after 
photodegradation. 
In the present work the reduction in molecular weight was followed by gel 
permeation chromatography (GPC) and the relative content of the chemical groups by 
infrared spectroscopy using the carbonyl index. A third method was the evaluation of 
melting temperature by differential scanning calorimetry (DSC), which is affected by 
both the molecular sizes and chemical irregularities. The information obtained by GPC 
was valuable in the understanding of mechanical behaviour and the crystallization 
processes both during exposure and after re-melting, whilst the carbonyl index was 
shown to be the most sensitive parameter to compare the degradation behaviour of 
samples produced under different conditions (as shown in chapter 5). The information 
gathered with both techniques was essential to interpret the melting and crystallization 
behaviour, as will be discussed further. 
The use of melting temperature to assess chemical degradation should be made 
with caution. Although this property was reported to be insensitive to degradation with 
some polymers like polyethylene [Komitov et al., 1989; Hamid and Amin, 1995], in the 
case of polypropylene the correlation with the other two techniques was reasonably good 
(see, for instance, Fig. 4.40). The correlation may vary according to whether the melting 
temperature on the first or second heating run is used because they measure different 
effects. The decrease in melting temperature of the as-exposed materials (Tml) is 
supposed to depend on the increase of surface free energy of the crystals caused by the 
scission at chain fold sites whereas after re-crystallization, the melting temperature (Tm2) 
depends on the molecular sizes and on the amount of chemical irregularities in the 
crystals. It is suggested that T. 2 is a better guide for evaluating degradation effects since 
the contribution of the breakdown of crystal folds to Tml might depend on the lamellar 
thickness (according to equation 4.2) and, besides Tml reflects only changes in the crystal 
fraction of the polymer under exposure. The preference for using Ti_ over Tmi to 
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estimate the extent of degradation was clearly demonstrated in Fig. 5.52 where samples 
with very large crystal thicknesses (slow cooled compression moulded PP) showed little 
variation in Tml despite the significant degradation that had been detected by other 
methods (including Tm2). 
The photodegradation of polypropylene may be considered as a good example of 
an inhomogeneous process. Besides the random distribution of oxidation products along 
the polymer molecules, which is caused by the nature of the chemical reactions of 
oxidation, the inhomogeneity of PP photo degradation arises from a number of reasons: 
the distribution of initiation groups throughout the sample volume; the semi-crystalline 
structure; the depth-profile of degradation; and structural variations. 
1. The random distribution of initiation groups throughout the sample volume. 
The photodegradation starts by the decomposition of initiation groups (called 
chromophores) like catalyst residues and hydroperoxides, and the radicals produced 
migrate to adjacent areas, spreading the effects of oxidation. The rate of degradation is 
expected to be higher around these initiation centres than in remote regions [Knight et 
al., 1985] and sometimes these highly oxidized spots provide pathways for failure 
[Rapoport et al., 1993]. This type of inhomogeneity occurs due to the dependence of PP 
photodegradation on the presence of chromophores. 
2. The semi-crystalline structure. 
Three main effects can be considered regarding the semi-crystalline nature of PP: 
(i) the rejection of chromophores and additives by the growing crystals, (ii) the different 
rates of diffusion of oxygen and other reagents through the amorphous and crystalline 
regions, and (iii) the preferential scission of strained bonds. 
During PP crystallization impurities are normally rejected by the growing crystals 
and are deposited both in the interspherulitic regions and within the spherulites [Calvert 
and Ryan, 1984]. These impurities include low tacticity molecules, additives and 
chromophores. According to the previous sub-section, a high rate of degradation may 
occur in these regions, as noted by Blais et al. [1972]. An obvious consequence of this 
rejection is the breakdown of taut molecules that hold together the amorphous and 
crystalline fractions and are largely responsible for the mechanical integrity of the 
material. The rejection of impurities depend on the crystallization conditions and occur 
more easily in slow rates of crystallization [Keith and Padden, 1964b]. The impurities are 
rejected firstly to the intraspherulitic region and then to the interspherulitic boundary. A 
particularly detrimental effect to the mechanical behaviour of degraded PP is the scission 
of the tie chain molecules in the interspherulitic region which might be enhanced by the 
widespread segregation of chromophores to this region. When stabilizers are present 
they may also be rejected, together with the chromophores to the non-crystalline region, 
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and this is beneficial to protection since they will act at the most critical locations. 
However, stabilizers may also be unevenly distributed in the amorphous region, 
contributing to the localised oxidation [Raab et al., 1990]. 
The scission of tie chains and entanglements is perhaps the main cause for the large 
reduction in mechanical properties, which normally appears before that any substantial 
amount of degradation products and surface damage are detected. This was observed 
with many materials studied in this work (e. g., Figs. 4.18,5.30). The most significant 
effect of the scission of taut molecules occurred with slow cooled compression moulded 
samples (SC) that were crystallized very slowly and contained very large spherulites (Fig. 
5.41). This crystallization condition probably resulted in a low concentration of 
interspherulitic connections and extensive rejection of chromophores to the spherulite 
boundaries. The scission of these tie molecules, therefore, might have occurred very 
rapidly with drastic consequences to the mechanical properties. The tensile strength was 
reduced to 25% of the original value after only 6 weeks exposure (Fig. 5.45) despite the 
fact that their moulded surfaces were far less damaged than the surfaces of the other 
types of samples (e. g., Fig. 5.48). 
The second effect of the semi-crystalline structure of PP in the non-uniformity of 
degradation is the different permeabilities of oxygen through the amorphous and 
crystalline regions. Owing to the much higher molecular packing in the crystals, the 
oxygen molecules diffuse preferentially through the amorphous fraction [Vink, 1983]. 
This, combined with the presence of chromophores, makes the amorphous region much 
more oxidized than the crystalline one. Again, the possibility of scission of taut molecules 
and entanglements is enhanced, also contributing to the reduction of mechanical 
properties. Considering only the effect of morphology on diffusion, it would be expected 
that the more crystalline the polymer the lower the extent of degradation, but this was 
found to be only partially true in this research. Exposures carried out with PP samples 
with different crystallinities revealed a weak dependence of carbonyl index on the 
crystallinity (Fig. 5.56). This was possibly due to an equally weak dependence of gas 
permeability on crystallinity in PP (Fig. 5.58) and/or a stronger influence of the 
concentration of chromophores (expected to be similar for all types of samples prepared) 
on the oxidation rate, overwhelming any other structural effect. A good example of the 
relative importance of chromophore concentration and oxygen diffusion was shown in 
Figs. 7.4 and 7.6 when the extents of degradation of PP and talc-filled PP were 
compared. The filled grades had, before exposure, a higher amount of chromophores, 
presumed due to additional processing steps conducted for mixing. For short-term 
exposures they showed higher extents of degradation than the unfilled polymers but, due 
to their lower permeability to oxygen, the extent of degradation became lower than that 
for the unfilled PP for exposure times longer than ca. 9 weeks. In this case, the reduction 
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of oxygen diffusion was attributed to the presence of talc particles, possibly enhanced by 
their strong orientation at the surface. 
A final effect of the semi-crystalline nature results from the presence of strained 
chemical bonds at the boundaries between the crystals and the amorphous region, and at 
entanglements. Experiments with polymers exposed under mechanical loads showed that, 
unless the stress applied brings about strong molecular orientation, there is an 
acceleration on the rate of degradation in comparison with unstressed materials [Popov 
et al., 1980]. Explanations for the increase in oxidation rate with stress include a 
decrease in the energy barrier for chemical reaction at the overstressed bonds [White and 
Rapoport, 1994] and a reduction in the rate of recombination of free radicals 
[Baimuratov et al., 1993]. An acceleration of PP photo degradation with stress has also 
been reported [O'Donnell and White, 1994a]. It is expected that localized stress will have 
a similar effect to applied stress on the reactivity of the strained bonds in semi-crystalline 
polypropylene and that tie molecules and entanglements will therefore be attacked 
preferentially [Popov et aL, 1981]. This, again, occurs in the amorphous fraction or at 
the boundary with the crystallites resulting in reduction in mechanical properties. In the 
present work a possible example of this effect occurred with PP containing nucleating 
agent in which the properties were inferior (Figs. 5.29 and 5.30) even though it showed 
slightly less degradation than the non-nucleated one (Fig. 5.28). 
From the considerations above it is clear that the photodegradation is concentrated 
in the amorphous region of PP. However, the melting temperature decrease with 
exposure time (e. g., Fig. 4.37) is an indication that damage also occurs in the crystals. It 
is likely that the chemical reactions in the crystals are restricted to the crystallite surface 
and this occurs possibly due to migration of radicals from the amorphous (or interphase) 
region. Once reactions at the crystal surface start to occur, they may spread more easily 
over the crystal surface contributing to the large decrease in Tml that was observed with 
most materials in this work. 
The preferential scission of molecules in the amorphous region and, in particular, 
the breakdown of tie chains and entanglements, lead to a rearrangement of these broken 
chains, increasing the degree of crystallinity of the material (e. g. Fig. 4.28). One 
important consequence is the surface embrittlement caused by densification, often with 
cracks formed spontaneously during exposure. 
3. The depth profile of degradation 
The photo degradation of PP is a diffusion controlled process in thick samples 
[Audouin et al., 1994; Gardette, 1995]. This implies that the surface layers are more 
oxidized than the interior, as observed in this work (Figs. 4.11,4.16 and 4.17). In 
unfilled PP extensive chemical degradation was also observed at the surface that faced 
away from the UV source. At the back surface oxygen molecules are available for 
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reaction and the ultraviolet intensity is high enough for the initiation of oxidative 
reactions due to the low UV absorption coefficient of this material (Table 3.2). In 
contrast, the penetration of UV light in talc filled PP bars is very low (Fig. 3.2) and, as a 
consequence, the degradation is restricted to the exposed surface only (Fig. 7.17). With 
both types of materials there is oxygen starvation in the interior and the rate of 
degradation decreased from the exposed surface to the core. This can result in surface 
embritlement that is an important reason for shortening the lifetime of polymer products. 
The characteristics of the depth-profile of degradation have wide implications to 
the mechanical properties. The most clear example arises when the tensile strengths of 
unfilled and talc-filled PP are compared (Fig. 7.7). These materials showed similar rates 
of degradation at the exposed surface (Fig. 7.4) but their depth-profiles of degradation 
were markedly different (Fig. 7.17). Consequently, the unfilled bars showed surface 
cracks at both the exposed and unexposed surfaces whilst the filled ones were damaged 
only at the UV surface. Besides, the degraded layer was thicker in unfilled PP. The 
implication, therefore, was a much higher reduction in mechanical properties in the 
unfilled polymer. The thickness of degraded layer in relation to the total thickness of the 
product is also important since it is the undamaged material underneath the degraded 
layer that is largely responsible for the retained strength. This was demonstrated in Table 
5.4 in which samples with lower thickness showed significantly lower properties than the 
thicker ones. 
Another aspect related to the depth-profile of degradation is the partial recovery in 
mechanical properties after moderate times of exposures (Figs. 5.5,5.12,5.29,5.45 and 
6.8). In all these cases a large decrease in tensile strength or elongation occurred after 6 
or 9 weeks exposure and subsequent exposures resulted in the improvement of the 
property. The explanation offered was that a very fragile surface was obtained after 
moderate exposures and became partially detached from the remaining material 
[Sherman et at, 1982; O'Donnell et al., 1994]. The surface cracks were then unable to 
propagate into the less damaged interior. Indeed, this explanation is supported by the 
image shown in Fig. 4.26 where the degraded layer flaked off during testing revealing the 
smooth interior. The fracture surfaces were consistent with this interpretation: in more 
degraded specimens the cracks were arrested beneath the surface and reinitiated below a 
ductile band (e. g., Fig. 4.25a) whereas in less degraded ones the cracks propagated easily 
throughout the specimen thickness (Fig. 4.21b). 
There may be situations in which degradation profile is more evenly distributed 
through the thickness direction with little differences between the surface and core. If 
this occurs, then the fracture may be initiated from an internal site rather than from the 
surface. This could happen, for instance, when the oxygen permeability is very high (as in 
samples with very low crystallinities), or when light stabilizers migrate to the polymer 
surface. In the latter, the oxygen molecules are not totally consumed at the surface layers 
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and can diffuse into the (unprotected) interior resulting in a thicker degraded layer 
[Kiryushkin and Shlyapnikov, 1989]. A similar situation occurs in natural weathering, 
when oxygen molecules migrate to the sample interior during the dark periods of 
exposures and react on subsequent daylight [O'Donnell et al., 1994]. 
In injection moulded semi-crystalline materials like polypropylene another 
complication in the degradation profile arises from the variation of polymer structure and 
morphology through the thickness direction (Figs. 4.3 and 4.7). In a sample with this 
layered structure the oxygen diffusion rate may not be constant but instead may vary 
with the location in the thickness direction. 
Finally, it was argued that the depth-profile of degradation results not from the 
oxygen diffusion effects but due to the migration of chromophores to the sample surface 
[Wiles, 1973]. This possibility seems to have been dismissed from the dependence of the 
extent of degradation with the sample thickness [Vink, 1979; Popov et al., 1981]. More 
evidence is given in this work with the study of injection moulded PP with surface layers 
removed before exposure (section 5.3.2). If the surface degradation were determined by 
the migration of chromophores, then the bars with layers removed should show very low 
levels of degradation when compared with the one exposed intact. This, however, was 
not observed (Figs. 5.10 and 5.11). 
4. Structural variations 
A final source of non-uniformity in the photodegradation of polypropylene is the 
variation in structure that occurs with many products. In injection moulded bars, for 
example, the degree of crystallinity and orientation depend on the distance from the 
injection moulded gate (Figs. 6.3 and 6.4) and this may result in a dependence of the 
extent of degradation according to the location in the product. This highlights the 
importance of uniformity in specimen collection mentioned before (Fig. 3.3). Local 
variations in degradation may also result from differences in residual stresses, applied 
loads, or distribution of additives. 
In this work wide variations in the crack distributions were observed at different 
locations within the test bars (e. g., Figs. 6.13 and 6.21). Regions showing low crack 
frequency were correlated with low orientation (Fig. 6.23) and the distribution of crack 
frequency was shown to be different at the surface containing the gate and at the surface 
opposite to it (Fig. 6.21). Again, the uniformity in exposure procedures was essential to 
reach these conclusions. A further discussion on this pattern will be given below (section 
9.2). The variation in crack distribution may also affect local depth-profiles of 
degradation, since the presence of cracks provides a path for oxygen diffusion 
[Schoolenberg, 1988b]. 
The existence of this non-uniformity in crack frequency poses a 
doubt on the 
validity of comparing the state of degradation of different samples or comparing the 
UV- 
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exposed and the back surfaces that is commonly found in the literature [e. g., Sherman et 
al., 1982; Qayyum and White, 1987; Schoolenberg, 1988a; O'Donnell et al., 1994; 
Hulme and Mills, 1994]. From the observations gathered in the present study, it seems 
that there is no sense in comparing random spots of moulded surfaces unless one is sure 
that the crack frequency does not vary with location and equivalent surfaces are 
compared (e. g., both surfaces containing the gate). 
9.2. PATTERN OF SURFACE CRACKS AND FRACTURE BEHAVIOUR 
One of the main effects of photo degradation in polymers is the appearance of 
surface cracks which causes embrittlement and hence mechanical deterioration of the 
product. In many cases, however, the component has mechanical properties still 
acceptable for a certain type of application but the surface appearance is rather poor, 
shortening its lifetime. An example of this situation is talc filled polypropylene which 
showed reasonably good mechanical properties after long-term exposure (Fig. 7.7) but 
the appearance of the exposed surface was rather poor, as shown in Fig. 9.2. 
(a) 
(b) 
Fig. 9.2. General view of the surfaces of talc filled PP. (a) unexposed bar; (b) bar 
exposed for 18 weeks. The specimens were not tensile tested. 
Reports from previous investigations indicated that surface cracks appear during 
mechanical testing of weathered polymers and that they frequently lie perpendicular to 
the stress direction [Sherman et al., 1982; Qayyum and White, 1987]. In a few examples 
the cracks were related to processing characteristics [Schoolenberg and Vink, 1991; 
Hulme and Mills, 1994], but no detailed investigation was conducted for clarification nor 
any explanation offered. In the current work the flow lines on the injection moulding 
were identified as a major contributor to the pattern of surface cracks in polypropylene. 
The cracks were produced either during mechanical testing (exposures lower than 6 
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weeks) or they were formed spontaneously during UV irradiation. It is suggested that, 
during moulding, the stretching of the fluid elements at the melt front may have caused a 
preferential site for cracking during exposure. Besides the simple shape of surface cracks 
(that are like circular arcs, as shown in Fig. 4.23), the main evidences for the correlation 
between the pattern of surface cracks and flow lines in injection moulded PP came from 
the following: 
" The shape of the cracks near the injection gate (Fig. 4.24) is very similar to the melt 
entering the mould cavity, according to the experiments of flow visualization made 
by White and Dee [1974]. 
" The pattern of surface cracks in specimens produced with double end gated injection 
moulding (Fig. 6.5) is notably similar to the fountain flow that characterizes this type 
of processing (Fig. 6.1) including the existence of cracks following the V-notch 
formation. 
" In samples with layers removed before exposure, random surface cracks were 
observed (Fig. 5.18) in contrast to the pattern of circular arcs. This is because by 
removing the surface layer, the peculiar type of orientation responsible for the effect 
was also removed. 
" In compression moulded samples no pattern was observed either (Fig. 5.48). 
" The intensity of cracks was shown to increase with orientation at the moulded 
surface (Fig. 5.57). In addition, the crack frequency was observed to vary with the 
location on the test bar (Fig. 6.21); regions of low crack frequency are also regions 
of low orientation (Fig. 6.23). 
The effect of flow lines in the pattern of surface cracks, therefore, undercover yet 
another important dependence of processing technique and conditions on the 
photodegradation of polypropylene. This is in addition to the effects of processing on the 
morphology, structure and the concentration of chromophores. 
The cracks formed spontaneously during PP photodegradation occur due to an 
increase in the degree of crystallinity at the surface layers which leads to shrinkage 
[Billingham and Calvert, 1983]. In the present work crystallinity measurements and 
optical microscopy inspections of the bars before tensile test revealed that the time when 
the first fissures appeared coincided with the initial rise in crystallinity (which normally 
occurred at -6 weeks exposure). The intensity of surface cracks then increased steadily 
with time up to about 18 weeks exposure. Subsequent exposures increased the erosion 
(the corners started to flake off upon handling) and the yellowing was more evident, but 
there was little change in the number of cracks. This qualitative description seems to be 
consistent with the shape of the curve crystallinity vs. exposure time (e. g., Fig. 4.28) and 
indicates that the surface chemi-crystallization was responsible for the spontaneous 
surface cracks formed during PP photodegradation under the conditions applied here. In 
non-crystalline polymers this mechanism is not expected, as observed by O'Donnell and 
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White [1994b] with polystyrene in which no sign of fissures was noted after exposure to 
extreme conditions (high temperature and high UV intensity). Other causes for 
spontaneous crack formation have been reported in the literature like the effect of 
erosion by wind-bourne particle in natural weathering [O'Donnell et al., 1994], the 
thermal cycles during exposure that act as fatigue loadings [Blaga and Yamasaki, 1976], 
and the assistance of tensile residual stresses that develop at the surface of some 
polymers during weathering [Qayyum and White, 1985]. The localised oxidation can also 
lead to flaws in a similar way to the one shown in the scheme of Fig. 2.6. 
In this thesis the complex dependence of mechanical properties and fracture 
position on the concentration of surface cracks was also noted. In some cases, samples 
with more surface damage displayed better mechanical behaviour (e. g., Fig. 6.5 c. f. Fig. 
6.8), and the fracture sometimes occurred in "unexpected" locations of the test bars such 
as at a position away from the weld lines or at a location that was in the shade during 
exposure (Fig. 6.14). These examples suggest that other aspects like the local depth 
profile of degradation and the contribution of the scission of tie chain molecules may 
overwhelm the effects of surface deterioration. 
The state of the moulded surfaces was shown to have a large influence on the 
fracture behaviour. The image shown in Fig. 9.3, for example, indicates that surface 
cracks may determine the path of fracture in an injection moulded sample exposed for 9 
weeks. Experiments with samples which had surface layers removed prior to UV 
exposed revealed that the existing machine marks can also affect the path of fracture 
(Fig. 5.15a). 
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Fig. 9.3. Interface between the exposed and the fracture surfaces in an injection moulded 
sample exposed for 9 weeks then tensile tested. 
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Although fracture mechanics was not a target in this thesis, the SEM analyses of 
the fracture surfaces conducted with selected samples gave some useful information to 
understand the fracture properties. The most important one was the relationship between 
the fracture surface topography and the partial recovery in mechanical properties that 
occurred with most materials studied here. Samples exposed for ca. 6 weeks showed a 
drastic reduction in elongation and tensile strength and their fracture surfaces were 
mostly smooth (e. g., Fig. 5.33), suggesting the cracks formed at the moulded surface 
propagated easily into the interior. Samples exposed for longer times (ca. 12 weeks) 
showed a frame-like fracture surface with a layer of degraded material near the edge, 
followed by a ductile band and a smooth region in the core (e. g., Fig. 5.35). As discussed 
in the previous section, it seems that the surface became partially detached from the 
underlying material and hence unable to transmit stress to the ductile interior. The 
topography of the fracture surface suggests that the cracks were arrested below the 
degraded layer forming a rim of ductile material, and the fracture was then re-initiated 
from an internal site. The existence of this ductile band appears to be the most important 
point regarding the recovery in properties. When it was not present the samples showed 
comparatively low performance. This is exemplified in Fig. 5.49b for compression 
moulded PP and in Fig. 6.19b for specimens containing weld lines. 
The initiation of fracture in the samples inspected occurred in most cases from the 
comer of the moulded surfaces (e. g., Figs. 4.21b and 6.18a) which is a site where the 
degradation is probably more intense and deeper than in other sites due to the 
contribution of oxygen penetration from both surfaces. Another aspect depicted in this 
work was the effect of front/back surfaces on the fracture behaviour. The fracture 
sometimes was initiated from the unexposed surface and this was attributed to lower 
extent of degradation (therefore enhanced ability to transmit stress to the sample interior) 
[Qayyum and White, 1993a] or to a higher thickness of the degraded layer at the 
unexposed side due to the lower UV intensity [White and Turnbull, 1994]. In the current 
work it was shown that the characteristics of the fracture surface could be different 
whether the surface containing the gate was the UV-exposed or the back surface (Figs. 
4.21b and 4.22b). Due to the higher orientation, the surface containing the gate showed 
more damage than the opposite one exposed under the same conditions (Figs. 4.21a and 
4.22a) and hence this back/front effect, in some cases, may be the reason for the 
initiation of fracture from the back side. 
9.3. MECHANISM OF CHEMI-CRYSTALLIZATION 
Chemi-crystallization is the process of increasing the degree of crystallinity of a 
polymer by means of chemical reactions in the macromolecules. In this work, a great deal 
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of attention was given to this type of transformation with measurements made in the 
majority of materials studied. 
The most common methods to assess the degree of crystallinity (Xe) of polymers 
are density, X-ray diffraction and DSC [Gedde, 1995]. From those, density is not 
appropriate for degraded polypropylene because the oxidation reactions replace light 
atoms of the polymer molecule like hydrogen for heavier ones like oxygen (see the 
scheme in Fig. 9.1). As a consequence, the density may increase regardless any change in 
the crystallinity. In the current work both X-ray diffraction and DSC were used as 
routine methods. They showed consistent results but each one has its advantages and 
disadvantages. For example, X-ray diffraction showed less variability from sample to 
sample and also gives information on the crystal structure and orientation, but when a 
crystalline filler (like talc) is present the measurements of crystallinity may be 
unattainable. Such limitation does not exist with DSC and it also gives other information 
such as the melting temperature and the melting range but, since it involves heating, the 
specimen may undergo transformation during the experiment and misleading results can 
be obtained. The melting enthalpy was used here as a guide of the degree of crystallinity. 
The conversion into crystallinity values was not made because there is a wide variation in 
the values of crystal melting enthalpy reported in the literature for PP [Wunderlich, 
1980]. 
The curve crystallinity vs. UV exposure time of polypropylene generally had a S- 
shape with an induction time of -3 weeks followed by a steady increase in crystallinity 
and then a plateau value was reached after 18-24 weeks exposure. This trend was 
observed with most types of samples investigated (Figs. 4.28,5.7,5.36,5.50 and 7.19). 
Although the increase in crystallinity during PP photo degradation had been reported 
before [Severini et al., 1988; Mani et al., 1994], no detailed investigation was carried out 
nor any mechanism was proposed. 
Three main questions can be considered in this discussion: (i) what causes the 
increase in X,; (ii) what limits the process of chemi-crystallization; and (iii) how does it 
occur? 
The structure of a crystallizable polymer like PP consists of crystallites intercalated 
with non-crystalline (amorphous) regions. Due to the macromolecular nature, sections of 
a molecule may be included in several different crystallites and also in the amorphous 
region. At room temperature the molecule segments in the amorphous region have 
significant mobility (the glass transition temperature of PP is below -20°C) but further 
crystallization is highly restricted by the presence of entanglements, loops and tie chain 
segments. If a semi-crystalline PP sample is exposed to UV radiation, oxidation reactions 
will occur, preferentially in the amorphous fraction according to the discussion in section 
9.1, resulting in chain scissions. The strained or entangled sections of the molecules can 
then be released, and further crystallization occurs. 
260 
From the considerations above it is reasonable to conclude that the chemi- 
crystallization process is connected with the reduction in molecular sizes and, more 
specifically, with the scission of taut molecules. This was evidenced in this work from the 
correlation between the increase in Xc and the decrease in molecular weight. With most 
materials, significant changes in X,, coincided with a drastic reduction in molecular 
weight, which occurred at approximately 6 weeks exposure. Further convincing evidence 
was from measurements made 0.6mm below the exposed surface where the 
photodegradation is significantly slower (Fig. 4.30). In that case the induction time for 
increase in X, was -24 weeks and, again, coincided with a large reduction in molecular 
size. 
With the progression of photo-oxidation the number of chain scission events 
increases and so does the degree of crystallinity. However the latter reaches a plateau 
value (normally after 18-24 weeks at the exposed surface) in which no further increase in 
X, is detected but further reductions in molecular sizes are still observed. It is suggested 
that the impurity groups, like hydroperoxides and carbonyls, incorporated into the PP 
molecules by oxidation reactions limits the secondary crystallization. This happens 
because the regularity, the main requirement for polymer crystallization, is highly 
reduced with oxidation (as shown in Fig. 9.1). After extensive chemical degradation the 
molecule segments, with these bulky and irregular chemical groups, can no longer fit into 
the crystals and the chemi-crystallization process ceases even though the molecules may 
be completely disentangled. 
If the explanation above is correct, then the gain in crystallinity caused by 
photo degradation should be the same for all types of samples studied, regardless of their 
initial values of Xc, assuming that their mechanisms of oxidation were the same. This in 
fact was true, as shown in Table 5.8, with the gain in crystallinity of about 6-7% for most 
samples, including those with low and high initial crystallinities (see also Fig. 5.60). In 
the less crystalline type of sample a large fraction of the material (-52%) is still 
uncrystallized after prolonged exposures but, besides the extensive reduction in 
molecular weight (to lower than 5000), the crystallinity remained virtually constant. 
Another evidence in favour of this interpretation was given in Figs. 5.21 and 5.22 when 
the crystallinities at depths of 0.2mm and 0.6mm were followed in samples with the 
surface layer removed either before or after exposure. The maximum values of X, were 
nearly the same at corresponding depths despite the large difference in the rate of 
degradation. 
The third question raised above was about the mechanism of chemi-crystallization. 
Three possible explanations will be considered: 
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1. The freed molecules are incorporated onto the pre-existing crystals [Papet et al., 
1987; Zhao et aL, 1993a]; 
2. The freed molecules form new crystals in the bulk of the amorphous region [Bhateja 
et al., 1983]; 
3. The increase in crystallinity does not result from the re-arrangement of the 
amorphous fraction but from the partial elimination of this region caused by 
volatilization of oxidation products [Kulshreshtha, 1992]. 
The third explanation can be ruled out because it is inconsistent with the 
observation that a plateau value of Xc is obtained. If it were true, then the crystallinity 
should increase progressively with degradation. 
The other two possibilities will now be considered. According to the schematic 
representation given in Fig. 9.4, the crystallization occurs over the pre-existing crystals if 
the molecule is broken in position A whereas it may occur in the non-crystalline region if 
it is broken in position B. Presumably, the growth of new crystals over the previous ones 
is the most probable option owing to self-nucleation effects. The pre-existing crystals are 
the most effective nucleating agents for polypropylene [Fillon et al., 1993a] and this 
could increase the effectiveness of chemi-crystallization on their surfaces. Besides, a 
nucleus of critical size must be formed in the non-crystalline region before the crystal 
acquire sustainable growth because otherwise the tiny crystal formed is destroyed by 
thermal fluctuation effects. This critical size may be achieved only by the aggregation of 
several sections of molecules that, evidently, also depends on the freeing of molecule 
segments in close locations. 
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Fig. 9.4. Schematic representation of a semi-crystalline polymer with the crystalline, 
interphase and amorphous regions. 
The diffractograms of the exposed materials (e. g., Fig. 4.27) gave evidence 
in 
favour of the explanation 1 above. For all materials and exposure times studied the 
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broadening of diffraction peaks was not observed. This broadening would result from the 
increase in the distribution of crystal sizes [Alexander, 1969] due to the growth of small 
crystals in the amorphous fraction. Furthermore, the relative intensity of the peaks 
showed no change with exposure either. This was observed with widely different initial 
structures like injection moulded unfilled PP, PP with nucleating agent, and compression 
moulded PP containing a transcrystalline layer, and suggests that the crystals generated 
during exposure grew with the same crystal orientation distribution as the pre-existing 
ones. Obviously, this is much more likely to occur when the broken molecules are added 
to the existing lamellae rather than forming new ones. 
Another important concept in the understanding of the mechanisms of chemi- 
crystallization is the existence of an interphase between the crystals and the amorphous 
region (Fig. 9.4). The interphase is non-crystalline but contains molecular conformations 
different from the amorphous fraction with, e. g., higher packing and some remnants of 
molecular order. Mandelkern [1992] reviewed the implications of the interfacial structure 
to polymer systems and presented data showing that the percentage of interphase in a 
polymer sample depends on the chemical structure and molecular weight but not on the 
crystallization conditions. For PP the interphase content was shown to be 12-30%. 
During degradation the segments released in the interphase are deposited on the lamellar 
faces following the same crystal lattice and orientation. It is suggested therefore that the 
molecular scissions in the interphase region _ are responsible 
for the increase in 
crystallinity during exposure rather than the scissions in the true amorphous region. This 
is supported by the observation that the gain in crystallinity (6-7%) is lower than the 
interphase content. Moreover, experiments with filled PP (chapter 7) suggested that the 
ordering during exposure involves short-range movements of the molecules which, again, 
favours the interpretation above. A decrease in the interphase concentration during 
polyethylene degradation was reported by Rull et al. [1995]. 
Since the melting temperature of PP decreased sharply with exposure and the 
initial crystal orientation was preserved, it is unlikely that the new crystals are deposited 
as patches over the fold surfaces ((001) planes) like in epitaxial growth. Instead, they may 
be attached to the lateral faces with perfection decreasing with exposure time, as shown 
schematically in Fig. 9.5. This type of crystallization may be an interface controlled 
process in which the rate of (secondary) nucleation is much higher that the rate of 
growth; this characterizes the regime III of polymer crystallization [Phillips, 1993]. Since 
it takes place at high supercoolings, a very high rate of crystallization is expected and 
hence the process might be controlled by the chain scission events and little affected by 
the diffusion of molecule fragments. The gradient of crystal perfection (Fig. 9.5) results 
from the increasing concentration of defects in the molecules and decreasing molecular 
sizes with oxidation, and it is the reason for the increase in melting range with 
degradation (Fig. 4.45). 
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Fig. 9.5. Schematic representation of a PP lamella after UV exposure. 
9.4. RE-CRYSTALLIZATION OF PHOTO-DEGRADED POLYPROPYLENE 
The crystallization of photo-degraded PP from the melt was investigated in both 
isothermal and non-isothermal conditions with specimens removed from the exposed 
surface of the test bars. The experiments were carried out mainly by DSC and in selected 
samples X-ray diffraction was also used. The morphology was followed during 
crystallization by polarized light microscopy. 
With all unfilled samples the non-isothermal crystallization temperature (Ta) 
decreased with exposure time in a similar manner to the one shown in Fig. 4.37. The 
magnitude of changes in T, was reasonably low in comparison with the changes in the 
melting temperature (shown in the same figure). The crystallization temperature depends 
on the rate of crystallization during cooling which in turn is affected by the crystal 
nucleation and crystal growth. Experiments conducted under isothermal conditions 
(chapter 8) suggested that the rates of nucleation and growth may be affected differently 
by the degradation. An example is given in Fig. 8.10 in which the rate of nucleation of a 
6 weeks exposed sample was lower than the unexposed one but the rate of growth was 
slightly higher (Fig. 8.9). The relative importance of these two parameters, however, can 
vary with the extent of degradation. The crystallization temperature of PP containing talc 
was also reduced with degradation (Figs. 5.40 and 7.18). 
The crystallization of degraded polypropylene from the melt is rather complex 
because of the nature of the chemical transformations. The molecular sizes are drastically 
reduced and a there is a huge change in the chemical composition (Fig. 9.1). The latter 
affects the kinetics of crystallization by disrupting the regularity and by changing the 
polar character of the molecules. Moreover, an increase in the concentration of non- 
crystallizing molecules (small and highly defective) with exposure enhances segregation 
effects during crystallization. In this work it was found useful to compare a degraded 
molecule of polypropylene with a random copolymer, with a polymer with low tacticity, 
or with a blend of crystallizable and non-crystallizable species. Indeed, the trends 
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observed here were very much consistent with this approach, though the accompanying 
reduction in molecular weight is a complicating factor. 
As will be discussed in section 9.5.2, the presence of chemical defects in the 
molecules can lead to an unstable structure that undergoes re-organization during heating 
resulting in double peaks (Fig. 4.47) and change in the sign of birefringence (Fig. 4.55). 
The morphology of degraded PP crystallized from the melt under non-isothermal 
conditions was markedly different from the unexposed material. Firstly, an increase in 
spherulite size was noted (Fig. 4.58), probably due to a reduction in the nucleation rate 
(as also observed in Fig. 8.10). For highly degraded material the morphology changed to 
grainy texture and a sheaf like growth was observed (Fig. 4.59). This sheaf-like growth 
was suggested to be due the segregation of impurity molecules during crystallization 
[Geil, 1963] which might be enhanced in these degraded materials. 
The effect of exposure time on the crystallinity of re-melted PP showed the same 
trend for all materials studied with an initial increase in X, up to 3-6 weeks exposure 
followed by a steady decrease afterwards (e. g., Figs. 4.34,5.9 and 7.19). The magnitude 
of changes was lower when the measurements were made by DSC (Fig. 4.43) which may 
be related to a reduction in the enthalpy of the crystals formed with the degraded 
molecules. The behaviour observed is associated with the relative importance of 
molecular weight (Fig. 4.14) and chemical defects (Fig. 4.10) on the crystallizability of 
polypropylene. For short term exposures, when the number of chemical defects is not 
significant, the reduction in molecular weight plays a major part favouring crystallization 
whereas with increasing concentration of chemical irregularities low values of X, are 
obtained after prolonged exposures. 
The most surprising observation in Fig. 4.34 was the fairly high crystallinities 
achieved with extensively degraded samples (24-48 weeks), comparable to the as- 
moulded material. In these specimens the concentration of chemical irregularities must be 
very high and yet the crystallizability was maintained. Experiments of isothermal 
crystallization showed that the rate of crystallization under the same supercooling 
increases sharply with exposure time up to 12 weeks and then decreases slightly after 
subsequent exposures (Fig. 8.8). This suggests that the kinetics of crystallization of 
degraded PP from the melt is mainly influenced by the molecular size, possibly due to an 
increase in molecular mobility. The existence of different molecule species with different 
defect contents was also considered. The less defective ones were those segments which 
constituted the crystals in the as-moulded material whereas the more defective ones were 
formerly in the amorphous region. The less defective molecules may be short (due to the 
breakdown of the fold surfaces) and may be responsible for the high crystallizability of 
the highly degraded material. 
The more defective molecules are less crystallizable and can be partially segregated 
during crystallization. Besides the sheaf-like mode of growth cited above, much evidence 
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for molecular segregation was obtained in this work. The most important observation 
was a change in the spherulite morphology in a 24 weeks exposed sample during 
isothermal growth at 120°C (Figs. 8.12 and 8.14). At this temperature the crystallization 
is very slow and the diffusion of impurity from the growth front to the uncrystallized 
melt is enhanced. The consequence is that a "serrated" contour is obtained, and at the 
final stages of growth, when the accumulation of impurities is higher, the morphology 
becomes highly fibrillar. Moreover, the spherulites did not really impinge at the end of 
crystallization, leaving a gap between them (see also Fig. 8.15) that is probably 
composed of highly defective molecules. The morphological features described in 
chapter 8 were in agreement with the theory of polymer crystallization proposed by 
Keith and Padden [1964a; 1964b]. The segregation of less crystallizable species may also 
be reflected in a non-linear rate of growth for degraded polymers (Figs. 8.13 and 8.9), in 
the two stage crystallization shown by the Avrami plots (Fig. 8.11), and in peak 
duplication during DSC scans (Figs. 8.16 and 8.17). The existence of different molecular 
species is more evidence that the photo degradation in PP is an inhomogeneous process, 
according to the discussion in section 9.1. 
Finally, the crystal structure of re-crystallized degraded polypropylene was also 
found to be changed. According to the diffractograms given in Fig. 4.32, the 
orthorhombic phase (y-phase) is also obtained in addition to the ordinary monoclinic (a- 
phase) in samples exposed for 18 weeks and longer. This is consistent with previous 
studies that indicated that this phase is obtained in low molecular weight fractions of PP 
[Addink and Beintema, 1961] as well as in PP with reduced regularity [Turner-Jones et 
al., 1964; Turner-Jones, 1971]. In the crystallization during exposure, discussed in the 
previous section, the y-phase was not detected despite the fact that it involved small and 
defective molecules. Presumably, this occurred because the chemi-crystallization takes 
place epitaxially over the pre-existing (a-phase) crystals following the same crystal 
lattice and/or because the y-phase is formed preferentially at high temperatures [Alamo et 
al., 1995]. 
9.5. MELTING BEHAVIOUR OF DEGRADED PP 
The understanding of the melting behaviour of polymers, even undegraded, 
sometimes is a difficult task and several interpretations are offered for the existence of 
multiple melting peaks in DSC thermograms [Bassett and Patel, 1994; Varga, 1995]. 
With degraded materials a higher complexity is expected. Although many workers 
reported peak duplication during DSC experiments of degraded polymers, very few 
attempted to investigate their origin. This is also true with degraded polypropylene 
despite much effort to interpret the melting behaviour of the virgin material. 
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In this section the shape of the melting thermograms obtained during the first and 
second melting runs will be discussed. Unless otherwise stated all measurements were 
made with specimens (0.2mm thick) removed from the exposed surface of the test bars. 
Recall that major discussion and comparisons with data from the literature were 
presented in section 4.3.5.3. In this section information obtained in the subsequent 
chapters will be added. 
9.5.1. MELTING BEHAVIOUR DURING THE FIRST HEATING 
Three different types of behaviour were observed during the melting of the as- 
exposed materials: (i) single peaks in the majority of samples, (ii) double peaks in talc- 
filled PP, and (iii) double peaks in highly degraded PP containing a high proportion of ß- 
phase. 
The PP containing nucleating agent and unfilled PP (prepared under different 
conditions) showed single peaks (e. g., Fig. 4.35) and the melting range increased with 
exposure time. As discussed in section 9.3, the crystals produced during exposure are 
likely to be smaller and more defective than the ones produced during processing. The 
melting of these crystals did not yield a discrete peak in the thermograms because with 
the progression of exposure the degree of perfection (hence the melting point) tended to 
decrease (Fig. 9.5) and a wide range of crystals species were produced. The implication 
is that a higher melting range can be expected for degraded samples. The shapes of the 
curves of crystallinity vs. exposure time (Fig. 4.28) and of melting range vs. exposure 
time (Fig. 4.45) are rather similar, indicating that the variation of the melting range is 
related to the starting and finishing of the chemi-crystallization process. 
The same mechanism described above also might have occurred with talc-filled PP 
which also showed an increase in the crystallinity during exposure. However, the 
composites with 40% talc displayed double peaks during the first DSC melting run (Fig. 
7.20). This behaviour was attributed to the existence of different extents of degradation 
at different depths of the specimen (0.2mm thick) removed for the analysis, which results 
from the low oxygen and UV penetration through this material (Fig. 3.4). The crystals in 
regions closer to the surface might have melting points lower than those at deeper 
locations. If this difference in Tm is large enough, then multiple melting peaks appear in 
the thermogram. To support this explanation, an experiment with specimens removed 
from thinner layers (at depths 0-0.1mm and 0.1-0.2mm from the surface) was carried out 
and showed that only single peaks were obtained and at different positions (Fig. 7.21). 
This type of behaviour is supposed to have occurred also with composites containing 
20% talc (and to a much less extent with the unfilled polymer too) but the gradient of 
chemical degradation near the surface was probably less steep than for the 40% filled 
grade and double peaks were not observed. 
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The third type of melting behaviour observed in this thesis was a double peak 
during the first melting of samples removed from depths 0.2-0.4mm from the surface and 
exposed for times longer than ca. 18 weeks (Fig. 4.46). This depth corresponds to a 
layer containing a high concentration of ß-phase (Figs. 4.3 and 4.7). In undegraded PP 
the ß-phase is unstable and undergoes transformation into the a-phase or into a more 
perfect ß-structure during heating, resulting in double peaks [Varga, 1986; Shi et al., 
1993]. In the present work, however, the melting of this type of sample in the unexposed 
state or exposed for times shorter than 18 weeks resulted in thermograms with one peak 
only. This probably occurred because the content of ß-phase was still too low and the 
melting endotherm of ß-crystals was superimposed on the exotherm of the a-phase 
formation. It is suggested that with highly degraded PP the ability of ß-phase to 
transform into another crystal form is reduced due to the presence of impurity groups 
replacing the fold surfaces or due to defective crystals (formed during exposure) attached 
to the surfaces of the original crystals. The consequence, therefore, is the melting of the 
two phases (ß and (x) in two discrete range of temperatures. 
9.5.2. MELTING BEHAVIOUR DURING THE SECOND HEATING 
Some experiments were described in section 4.3.5.3 in an attempt to uncover the 
origin of the peak duplication during the DSC analysis of re-crystallized unfilled PP (Fig. 
4.36). These experiments consisted of using different cooling and heating rates during 
the measurements as well as the partial melting of the material in a temperature between 
the two maxima of the thermogram. From the observations obtained it was concluded 
that the double peak behaviour results from crystal re-organization during heating to 
form a structure with a higher melting temperature. The low temperature peak of the 
thermogram corresponds to the melting of the crystals as obtained during cooling from 
the melt whereas the high temperature peak reflects the melting of the structure re- 
organized during heating. The mechanism and features of this transformation can be 
summarised as follows. 
The crystal structure of a re-crystallized photodegraded PP is intrinsically unstable. 
This instability results from the presence of chemical impurities in the degraded 
molecules. Since the chain scission events are preceded by carbonyl formation (Fig. 2.2) 
the chemical defects are likely to be always present in degraded molecules and they can 
be partially incorporated into the crystals [Gedde, 1995] and interfere in the mechanism 
of crystallization (as discussed in section 9.4). This also occurs with lightly degraded 
materials (ca. 6 weeks). When an unstable sample of monoclinic PP is heated the crystals 
can melt and re-crystallize at higher temperatures into a more stable structure with higher 
perfection and/or higher lamellar sizes [Yadav and Jain, 1986; Janimak et al., 1992]. This 
transformation is assisted by the self-seeding effect of the incompletely melted original 
crystals that accelerates the rate of transformation at high temperatures, and it was 
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shown to be very dependent on the rate of heating during the experiment (Figs. 4.49 and 
4.51). When the sample is crystallized with a more stable structure, for instance by slow 
cooling, the relative intensity of the new (high temperature) peak is. reduced (Fig. 4.49) 
or disappears, indicating that no re-organization occurs. The latter also happened with 
nucleated PP that showed only single peaks during the second heating run (Fig. 5.38). 
The relationship between the structure stability and peak duplication was also 
noted for the unexposed material, that showed double peaks only when specimens 
prepared with high cooling rates were tested (Fig. 4.57). 
In samples submitted to a more extensive degradation (12 weeks and longer) the 
intensity of the re-crystallized peak was lower than the one for ca. 6 weeks (Figs. 4.36 
and 4.48). However, it is very unlikely that this type of behaviour results from an 
increase in structure stability with degradation. A more probable explanation is that the 
rate of re-crystallization during the experiment is reduced due to the presence of the 
chemical defects and, consequently, the amount of the transformed material obtained is 
lower than in a sample with a lower concentration of defects for the same heating rate 
applied. This was evidenced from the partial melting experiments (Figs. 4.51-4.53) 
Observations made by polarized light microscopy during heating showed that the 
morphological transformations of the 12- and 24 weeks exposed samples were far less 
evident than those occurring with a6 weeks exposed sample (which is shown in Fig. 
4.55). 
The re-organization during the DSC heating experiment was shown to be the 
major contributor for peak duplication in samples crystallized non-isothermally from the 
melt, overwhelming any effects of molecular segregation. From the previous section, 
however, it was clear that segregation of less crystallizable species also play a role in the 
crystallization mechanism of photodegraded PP and in some cases it results in peak 
duplication (Figs. 8.16 and 8.17). In non-isothermal crystallization conditions (that 
occurs relatively fast) these molecules with low crystallizability can be entrapped within 
the growing spherulites or, alternatively, they can co-crystallize with the less defective 
species. The latter possibility was shown to occur in the presence of talc (Fig. 7.25). 
9.6. RECOMMENDATIONS 
The investigations described in this thesis have revealed some aspects of polymer 
photo degradation that could open other perspectives of study in this area. Some of them 
are listed below. 
" The partial recovery in mechanical properties affects directly the design parameters 
of PP. Since large changes in properties occur in a short interval (3-12 weeks), 
exposures at every 1 or I/2 week could give a better picture of the phenomenon. 
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Measurements of chemical degradation and crystallinity at shorter intervals are also 
recommended. 
" From the complexity of parameters that determine the ultimate properties of 
degraded PP, it appears that the exposure of a PP product (instead of a test bar) can 
be useful. The investigation of the pattern of surface cracks may be particularly 
meaningful on a injection moulded product with an array of features like inserts, 
weld lines, variations in thicknesses, etc. The use of other types of polymers is also 
recommended. 
" In the field of PP composites the use of fillers with different coupling agents may 
affect differently the mechanical properties of degraded materials. The interface may 
also be a preferential area for chemical degradation that could lead to a decrease in 
adhesion between the components. Quantitative measurements can be done, for 
instance, by measuring the interfacial shear strength in fibre reinforced polymers 
[Folkes and Wong, 1987]. 
0 The exposure of a very low (prepared by liquid nitrogen quenching) and a very high 
crystallinity materials can give more insight into the mechanisms of chemi- 
crystallization. 
" The exposure of PP containing a high proportion of ß-phase (prepared with a 0- 
phase nucleating agent) might provide information on the role of this phase on 
chemi-crystallization and on the melting behaviour. 
" The crystal transformations observed during the DSC experiments of degraded 
samples could be followed by time-resolved simultaneous analysis with X-ray 
diffraction using synchrotron radiation [Bras et al., 1995]. 
" The study of blends of exposed with unexposed PP is specially important to 
recycling and can also reveal interesting crystallization and melting behaviour. 
" The use of stabilizers and UV promoters that segregate during crystallization may be 
useful in investigations on the scission of tie chains and their effect on the mechanical 
properties and chemi-crystallization. 
10. CONCLUSIONS 
From the investigations conducted in this work on the photodegradation of 
polypropylene, some conclusions can be drawn regarding the degradability, and its 
effects in physical and crystallization behaviour. Firstly, it must be emphasized that the 
degradation process in polypropylene is essentially non-homogeneous and the 
experiments and measurement procedures must be carefully designed to accommodate 
this. Several causes of the inhomogeneity have been discussed and include the 
dependence of photo-initiation on chromophores which are segregated to the amorphous 
regions during crystallization; oxygen starvation in the interior of a specimen and within 
the crystals; and the variation of the physical structure with the location in the product. 
By comparing specimens with different initial structures, it was found that the 
degree of crystallinity was the main structural parameter controlling the kinetics of 
photo-oxidation at the exposed surface. The trend observed for the effect of structure on 
the extent of degradation at the surface, however, is not always reflected in the 
mechanical behaviour. This is because the mechanical properties of photo-degraded PP 
depend also on other features, including the spherulite size, the presence of surface 
cracks, and the depth-profile of degradation. The breakdown of taut molecules, 
especially in the interspherulitic regions, is particularly detrimental. Specimens produced 
with large crystal thickness, for instance by slow cooled compression moulding, showed 
markedly poor tensile properties after short-term exposures. Talc-filled polypropylene, 
on the other hand, showed less degradation in mechanical properties than the unfilled 
ones, because in the filled grades degradation occurs in the exposed side only whereas in 
unfilled PP both exposed and unexposed surfaces are greatly affected by photo- 
oxidation. Moreover, the degraded layer is thicker in unfilled PP. 
The study of the photodegradation of samples containing weld lines is believed to 
be the first to examine this aspect of polymer degradation, despite the widespread use of 
multi-gated tools to produce components for outdoors use. The weld line factor of 
degraded PP decreased with decreasing mould temperature during injection, reflecting 
the concentration of entanglements in the weld region. In some cases, however, the 
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fracture occurred away from the weld region, indicating that, besides the weld strength, 
other structural characteristics also control the mechanical properties of these samples. 
This prompted an investigation that led to the discovery of periodic variations in 
orientation along the axis of the moulded bar. 
With most types of samples studied here a partial recovery in tensile properties was 
observed after 6-9 weeks exposure. From the large number of cases reported it is 
suggested that this phenomenon in polypropylene is a rule rather than an exception, and 
this should be taken into account when designing products for outdoors use. The analysis 
of the fracture topography was particularly useful in understanding the recovery in 
properties. In specimens with poor performance (exposed for ca. 6 weeks) flaws 
nucleated from the moulded surface (often from the unexposed side) and propagated 
throughout the interior. In contrast, a ductile band below the degraded layer was seen in 
samples exposed for longer times, indicating the occurrence of a crack arrest effect and, 
consequently, better properties were achieved. In some cases the surface (degraded) 
layer flaked off during testing revealing undamaged material underneath. These 
observations support the interpretation that the partial recovery in tensile properties is 
due to a very fragile degraded layer that is unable to transmit stress into the specimen 
interior. 
An increase in crystallinity during exposure was observed with all types of samples 
studied, and this was connected with the scission of taut molecules in the non-crystalline 
region. The chemi-crystallization process, although it has been recognized for more than 
30 years [Winslow et al. 1963], has not been investigated in sufficient detail. From the 
information obtained with X-ray diffraction and DSC in different types of samples, a 
mechanism of chemi-crystallization was proposed in the current study. This was based on 
the deposition of molecule segments released from the interphase region over the faces 
of the pre-existing lamellae, following their crystal lattice and orientation. With 
increasing exposure time there is a decrease in perfection of the new crystals and 
eventually the process ceases, when the molecules are too defective to crystallize. 
The main effect of chemi-crystallization is the formation of surface cracks during 
UV exposure. An important finding in this research was the correlation between the 
surface cracks and the flow lines produced during injection moulding. This was 
evidenced by several examples in this work including the remarkable similarity between 
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the pattern of surface cracks and the fountain flow in double-end gated samples. 
Moreover, the concentration of surface cracks varied widely with the location in 
injection moulded bars, following variations in orientation. The methodical exposure 
procedures applied here showed that there is a back/front effect on the pattern of surface 
cracks with the surface containing the gate having different features to the one opposite 
to it. 
The crystallization of degraded PP from the melt and subsequent melting behaviour 
have interesting characteristics. The kinetics of crystallization depend on the relative 
importance of molecular sizes and irregularities. In some respects, the crystallization 
behaviour of degraded PP is comparable with a random copolymer or with a low tacticity 
polymer. For specimens exposed for more than 18 weeks, when a large concentration of 
defects exists in the molecules, a change in the growth mechanisms, and y-phase 
formation, were observed. Isothermal crystallization experiments together with light 
microscopy analyses showed that a photo-degraded PP sample contains non- 
crystallizable species that are segregated during spherulite growth, causing changes in the 
morphology. Studies on the re-crystallization of degraded polymers are very scarce in the 
literature and very little was known about this. The investigation described here has 
contributed to the understanding of the kinetics of crystallization and to the morphology 
of degraded polymers. 
A great deal of attention was also given to the melting behaviour of degraded PP. 
For unfilled polymers single peaks are normally obtained in the DSC during the first 
melting run (i. e., with as-exposed materials), and double peaks with re-crystallized ones. 
Experiments were designed to undercover the reasons for the peak doubling, an issue 
frequently neglected in the literature of polymer degradation. The double peaks were 
shown to result mainly from the re-organization of the (unstable) a-crystals during the 
DSC experiment. Unexposed PP and PP containing talc have stable structures and only 
single peaks were observed during the second melting run. 
Finally, the results for melting temperature of the re-crystallized materials were 
consistent with those by GPC and FTIR in the analysis of the depth-profile of 
degradation indicating that it can be used as a guide to the extent of photo degradation of 
polypropylene. 
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